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The DOE/NSF Nuclear Science Advisory Committee of
the Department of Energy and the National Science Foundation
is charged with providing advice on a continuing basis regarding
the management of the national basic nuclear science research
program. In July 2000, the Committee was asked to study the
opportunities and priorities for U.S. nuclear physics research,
and to develop a long-range plan that will serve as a frame-
work for the coordinated advancement of the field for the next
decade. The plan contained here is the fifth that has been pre-
pared since the Committee was established. Each of the earlier

plans has had substantial impact on new directions and initiatives
in the field.

NSAC is indebted to the Division of Nuclear Physics of the
American Physical Society for organizing a series of four topical
Town Meetings in late 2000 and early 2001. These meetings
provided a forum for community input into the planning
process and resulted in the production of White Papers that
provide the scientific underpinning of this plan. A fifth
White Paper on Education, covering the breadth of the field,

was also written during this time.

A Long-Range Plan Working Group (see Appendix)
including the Committee members and additional representa-
tives from the nuclear science community was formed to
determine overall priorities for the field. The working group
met in Santa Fe, NM during the week of March 25, 2001.
During this meeting, the scientific opportunities and priorities
were discussed in depth and consensus was reached on the

prioritized recommendations contained in this report.

This report was prepared by the members of the Long-
Range Plan Working Group. However, many others, too
numerous to mention individually, contributed to the final
document either as authors or readers. The chairman wishes
to thank Douglas Vaughan, our technical editor, for his tireless

efforts to create a coherent document.

The Committee is indebted to all the members of our com-

munity for their support of the planning process.






Nuclear science is a key component of the nation’s

research portfolio, providing fundamental insights into the
nature of matter and nurturing applications critical to the
nation’s health, security, and economic vitality. Itis a field
with tremendous breadth that has direct relevance to under-
standing the evolution of matter in the universe. Nuclear
scientists today use sophisticated experimental and theoreti-
cal tools to probe the properties of nuclei and nuclear matter
and of their ultimate constituents —quarks and gluons. At
the same time, nuclear science is probing key interdiscipli-
nary questions: the basis of fundamental symmetries in
nature, how matter emerged in the first moments of the uni-
verse, the nature of supernovae, and the origin of elements
in the cosmos. Nuclear science continues to have significant
impact on other fields. The field is also a prolific source of
today’s technological work force. More than half of nuclear
science Ph.D.’s apply their training outside their field —
notably, in medicine, industry, and national defense.

The long-range plan for nuclear science that follows
includes descriptions of recent progress across the full
range of the field. One discovery, however, merits partic-
ular attention. Remarkable new measurements show that
neutrinos produced by the nuclear reactions that power
the sun change their character on their 93-million-mile
journey from the solar core to the Earth. This result is a
critical vindication of the theory of energy production in
the sun: We now understand quantitatively what makes
the sun shine. The transformation of neutrinos requires
that they have mass, generating new questions at the same
time old ones are resolved. The Standard Model of ele-
mentary particles provides no mechanism for neutrino
mass and thus must be modified. In addition, theories of
the evolution of the universe and the nature of the missing
dark matter must take these discoveries into account.

This Plan has emerged from a process in which more
than a thousand members of the nuclear science community
participated by attending a series of public “town meet-
ings,” which led to the preparation of topical white papers.
A smaller working group then prioritized the resulting rec-
ommendations. This Plan addresses the charge to NSAC to
develop a “framework for the coordinated advancement of
the field.” The opportunities for such advancement are
extraordinary, and addressing them will ensure the continu-
ing vigor of nuclear science. The Plan includes the follow-
ing four recommendations, which address critical funding
issues facing the present program and guide new invest-
ments for the future:

1. Recent investments by the United States in new and
upgraded facilities have positioned the nation to con-
tinue its world leadership role in nuclear science. The
bighest priority of the nuclear science community is to
exploit the extraordinary opportunities for scientific
discoveries made possible by these investments.
Increased funding for research and facility operations

is essential to realize these opportunities.
Specifically, it is imperative to
e Increase support for facility operations— especially
our unique new facilities, RHIC, CEBAE, and
NSCL—which will greatly enhance the impact of

the nation’s nuclear science program.

o Increase investment in university research and
infrastructure, which will both enbhance scientific
output and educate additional young scientists

vital to meeting national needs.

o Significantly increase funding for nuclear theory,
which is essential for developing the full potential
of the scientific program.



2. The Rare Isotope Accelerator (RIA) is our highest pri- 4. We strongly recommend the upgrade of CEBAF at
ority for major new construction. RIA will be the Jefferson Laboratory to 12 GeV as soon as possible.

world-leading facility for research in nuclear structure

The 12-GeV upgrade of the uniqgue CEBAF facility

and nuclear astrophysics. . . o .
P2y is critical for our continued leadership in the experi-

The exciting new scientific opportunities offered by mental study of hadronic matter. This upgrade will
research with rare isotopes are compelling. RIA is provide new insights into the structure of the nucle-
required to exploit these opportunities and to ensure on, the transition between the hadronic and quark/
world leadership in these areas of nuclear science. gluon descriptions of matter, and the nature of quark
RIA will require significant funding above the confinement.

nuclear physics base. This is essential so that our In summary, nuclear science continues to address
international leadership positions at CEBAF and at exciting and vital scientific questions and, thanks to
RHIC be maintained. recent investments, is poised for further great discovery.

. . . Implementation of this Plan will allow the field to main-
3. We strongly recommend immediate construction of the e ) . .
tain its world leadership position throughout the coming

decade.

world’s deepest underground science laboratory. This
laboratory will provide a compelling opportunity for
nuclear scientists to explore fundamental questions in

neutrino physics and astrophysics.

Recent evidence for nentrino mass has led to new
insights into the fundamental nature of matter and
energy. Future discoveries about the properties of neu-
trinos will have significant implications for our under-
standing of the structure of the universe. An outstand-
ing new opportunity to create the world’s deepest
underground laboratory has emerged. This facility
will position the U.S. nuclear science community to
lead the next generation of solar neutrino and double-

beta-decay experiments.



Nuclear Science Today

As we approach the centennial of Rutherford’s discov-
ery of the atomic nucleus, nuclear science remains a linch-
pin of the U.S. scientific enterprise. Indeed, with its scope
enlarged by landmark astrophysical discoveries and by the
successful formulation of a theory of subnuclear matter,
nuclear science is more broadly compelling and more vital

than ever before.

Nuclear science began by studying the structure and
properties of atomic nuclei as assemblages of protons and
neutrons. Research focused on nuclear reactions, the nature
of radioactivity, and the synthesis of new isotopes and new
elements heavier than uranium. Great benefit, especially to
medicine, emerged from these efforts. But today, nuclear
science is much more than this. Today, its reach extends
from the quarks and gluons that form the substructure of
the once-elementary protons and neutrons, to the most

dramatic of cosmic events —supernovae.

The existence of quarks and gluons was first inferred
from the spectrum of elementary particles and from elec-
tron-scattering experiments; subsequently, a new theory,
quantum chromodynamics (QCD), was developed to
describe them. Just as the formulation of Maxwell’s equa-
tions led to a quantitative understanding of electromagnetic
phenomena in the late 19th century, so the development of
QCD a century later has provided the theoretical founda-

tion for understanding nuclear phenomena and is now cen-

tral to much of contemporary nuclear research.

Nuclear science also plays a vital role in studies of astro-
physical phenomena and of conditions in the early universe.
At stake is a fundamental grasp of how the universe has
evolved and how the elements of our world came to be—

two of the deepest questions in all of science.

The broad scope of nuclear science today intersects with
that of several other scientific disciplines. The Standard
Model of particle physics —and its possible shortcomings —
now lies at the center of much nuclear science research. And
high-energy physics, nuclear physics, and astrophysics are
now closely linked in efforts to investigate the structure and
dynamics of cosmic phenomena and to understand the
immediate aftermath of the Big Bang. From a theoretical
and experimental perspective, strong parallels even exist
between the structure of complex nuclei and nanostructures

of interest in the emerging field of nanoscience.

The impact of the field can be seen not only in basic sci-
ence, but also in nuclear medicine, nuclear power, national
defense programs, and numerous practical applications,

from smoke detectors to scanners for explosives.

The scientific agenda. Thanks to recent investments by
the DOE and the NSF, nuclear science is poised to make
major advances in the coming decade. Today, the field can

be broadly characterized by five scientific questions that



define the main lines of inquiry. We expect that these ques-
tions will continue to drive nuclear science in the coming
decade. Chapter 2 devotes a section to each of these ques-
tions, describing recent achievements and identifying

prospects for the future.

What is the structure of the nucleon? Protons and neu-
trons are the building blocks of nuclei and neutron stars.
But we now know that these nucleons are themselves com-
posite objects having a rich internal structure. Connecting
the observed properties of the nucleons with the underlying
theoretical framework provided by QCD is one of the

central problems of modern science.

What is the structure of nucleonic matter? A central goal
of nuclear physics is to explain the properties of nuclei and of
nuclear matter. The coming decade will focus especially on
unstable nuclei, where we expect to find new phenomena and
new structure unlike anything known from the stable nuclei
of the world around us. With new theoretical tools, we hope
to build a bridge between the fundamental theory of strong
interactions and the quantitative description of nuclear many-
body phenomena, including the new and exotic properties we

expect in unstable nuclei and in neutron stars.

What are the properties of hot nuclear matter? The
quarks and gluons that compose each proton and neutron
are normally confined within the nucleon. However, QCD
predicts that, if an entire nucleus is heated sufficiently, indi-
vidual nucleons will lose their identities, the quarks and glu-
ons will become “deconfined,” and the system will behave as
a plasma of quarks and gluons. With the Relativistic Heavy
Ion Collider (RHIC), the field’s newest accelerator, nuclear

physicists are now hunting for this new state of matter.

What is the nuclear microphysics of the universe? A great
many important problems in astrophysics —the origin of
the elements; the structure and cooling of neutron stars; the
origin, propagation, and interactions of the highest-energy
cosmic rays; the mechanism of core-collapse supernovae
and the associated neutrino physics; galactic and extragalac-
tic gamma-ray sources —involve fundamental nuclear
physics issues. The partnership between nuclear physics
and astrophysics will become ever more crucial in the com-
ing decade, as data from astronomy’s “great observatories”

extend our knowledge of the cosmos.

What is to be the new Standard Model? The resolution

of the solar and atmospheric neutrino puzzles by the

Sudbury Neutrino Observatory (SNO) and Super-

Kamiokande—the long-sought demonstration that our cur-
rent Standard Model is incomplete— opens up possibilities
for exciting discoveries in the next decade. One such possi-
bility is the observation of neutrinoless double beta decay,
which would signal the violation of a crucial Standard
Model symmetry. Precision experiments by nuclear physi-
cists deep underground and at low energies are proving to
be an essential complement to searches for new physics in

high-energy accelerator experiments.

Recent accomplishments. Nuclear scientists have made
many important discoveries in the past decade, most of
them made possible by investments in new instrumentation.
Although these achievements have answered significant
questions, many point directly to even deeper questions that
define some of the field’s highest priorities for the coming
years. Some recent highlights, organized along the lines of

the five questions posed above, include the following:

Revealing the internal structure of nucleons— A new
generation of experiments, coupled with more sophisticated
theoretical and computational techniques, has challenged
earlier perceptions of nucleon structure. The importance of
gluons has been emphasized by their rapidly growing density
as the proton is probed with higher resolving power, and by
the fact that quark spins alone account for only a fraction of
the nucleon’s overall spin. A sizable measured imbalance
between antiquarks of different types suggests that i
mesons play as important a role inside nucleons as they do
in theories of nuclear forces. A new high-resolution spatial
map of the proton points to an unexpected depletion of
charge near its center, not yet explained by current models.
Surprisingly, the traditional description of nuclear forces
continues to account well for the charge distribution of the
deuteron, even at subfemtometer distances where the inter-

nal structures of the neutron and proton overlap strongly.

Challenging traditional descriptions of the atomic
nucleus—Exploration of the unknown regions of the
nuclear landscape, toward the limits of nuclear existence,
has begun. Studies of exotic nuclei point to drastic alter-
ations of the nuclear shell model, a hallmark of our
understanding for half a century. In very heavy nuclei,
observations that they can sustain rapid rotation demon-
strate unexpected stability against disruptive centrifugal
forces and confirm that the path to “superheavy elements”
goes through nuclei with deformed shapes. Striking evi-
dence for phase transitional behavior in nuclei has emerged

from observations of sudden changes with mass between



spherical and deformed systems, and from evidence of
changes between liquid and gaseous forms of nucleonic
matter. Advances in theory, such as calculations with realistic
forces in nuclei containing up to 10 nucleons—an achieve-
ment thought impossible just a few years ago—offer the
promise of a unified description of the nucleus based on the

theory of the strong interaction.

Searching for matter at extremely bigh energy density —
The first year of RHIC data-taking has produced strongly
self-interacting matter at energy densities more than 20
times that of atomic nuclei. Matter under such extreme
conditions is believed to be in a new state— the quark-gluon
plasma. The estimates of energy densities have come from
measurements of the number and energies of produced par-
ticles. The observed “flow” of matter indicates that this
energy is rapidly converted to nuclear matter that is under
immense internal pressure. In addition, particles emitted at
high momentum are considerably suppressed relative to the
rate seen in proton-proton collisions —an effect occurring
only if the interactions among the particles produced are
very strong. These results provide a confirmation of the
picture that originally motivated the field of ultrarelativistic

nuclear collisions.

Probing the origin of the elements and the evolution of
stars—Two long-term multidisciplinary efforts to develop
standard models of Big Bang nucleosynthesis and of the sun
have been validated in remarkable ways: The baryon-to-
photon ratio derived from analyses of temperature fluctua-
tions in the cosmic microwave background is in good
accord with the Big Bang nucleosynthesis prediction, while
the total high-energy solar neutrino flux agrees with the
standard solar model prediction. Important advances have
also occurred in our understanding of nuclear reactions that
govern red giant evolution, novae, and supernovae. Improved
measurements of 12C(a,y) set the luminosity for Type Ia
supernovae as cosmological candles and define the limits for
the final fate of the Type I supernova core as a neutron star
or black hole. Finally, nuclear measurements far from sta-
bility and a new generation of computational techniques
have brought us closer to the identification of the r-process
site, or sites, and to quantitative models for the production

of the heavy elements.

Tracing the missing mass of the universe— Observations
of the neutrinos produced in nuclear reactions in the sun
have for many years raised doubts about how the sun gener-

ates energy: Models of the sun consistently predicted the

number of solar neutrinos to be much greater than observed.
The solar models were recently vindicated when the SNO
and SuperKamiokande experiments found that solar neutri-
nos change their identity on the way to the Earth, implying
that they have mass. This discovery has profound implica-
tions: It provides a key to the fundamental structure of the
forces of nature, and it shows that neutrinos contribute at
least as much mass to the universe as do the visible stars.
On the basis of these results, together with measurements
of nuclear beta decay, we also now know that neutrinos
do not have enough mass to stop the expansion of the

universe.

Nuclear science in the national interest. A 1999 survey of
nuclear science by the National Research Council, Nuclear
Physics: The Core of Matter, the Fuel of Stars, described the
field as “one of the cornerstones of the nation’s technological
edifice.” There are two broad reasons for such a conclusion.
First, nuclear science has been and continues to be a fertile
source of practical enhancements to the quality of modern
life. Many essential parts of modern medicine, for example,
including modern imaging techniques, radiotherapy for the
treatment of cancer, and the widespread use of radioisotopes
for therapy and diagnosis, have their roots in nuclear science.
The development of nuclear power is another descendant of
early nuclear research, and current efforts aim at develop-
ments that would address significant problems. Research
focused on developing the technology for “burning” long-
lived nuclear wastes in accelerators serves as a prominent

example.

Second, nuclear science research is a prolific source of
today’s technological work force. About 8% of all physics
Ph.D.’s in the U.S. are awarded in nuclear science. Many of
these students continue to pursue research in the field at the
nation’s universities and national laboratories. But more
than half apply their technical training in other fields: in
medicine, in industry, in other areas of science and technol-
ogy, and even in finance. In particular, nuclear scientists
continue to play critical roles in areas of national security,
including many leadership positions at the defense labora-
tories. Indeed, about 20% of recent Ph.D. recipients in
nuclear science currently pursue careers in areas pertinent

to national security.

The nuclear science community also plays an active role
in the education of precollege and undergraduate students
and in public outreach —efforts aimed at nurturing future

scientists and ensuring a citizenry with a strong scientific



background. The K-12 school population is an especially
fertile field for encouraging innate curiosity about the world
around us. The Nuclear Science Wall Chart, for example,
was developed to help schoolteachers make nuclear science
an integral part of the precollege curriculum. Several efforts
are also directed toward enhancing the scientific literacy of

the public-at-large.

On yet another level, nuclear science stands as one of the
core pursuits of the human imagination. Understanding the
nature of matter, the ways in which it interacts, the cosmic
processes by which the material universe has evolved, even
the nature of the universe in its earliest moments— these are
the goals of modern nuclear science. Itis hardly an exagger-
ation to say that we are ennobled by such a quest, or that the

national interest is well served by it.

Nuclear Science Tomorrow

Building on earlier plans. NSAC prepared its first
long-range plan in 1979. Since then, a new plan has been
prepared roughly twice each decade. After five years,
conditions inside and outside the field have typically
evolved sufficiently for even the best thought-out of these
plans to need updating: Major projects are completed,
significant discoveries are made, and new opportunities are
identified —all of which influence priorities. Nevertheless,
there is much continuity among the plans, and to a large
extent, each plan has built upon the last. From today’s
perspective, the four earlier plans, and the developments
they brought about, appear as chapters in a coherent his-

torical account of progress in nuclear science.

Perhaps the most visible result of previous plans has been
the construction of two major new facilities that remain
unique in the world. The Continuous Electron Beam
Accelerator Facility (CEBAF) at Jefferson Lab was the top
priority for new construction in the 1979 long-range plan.
This major new facility commenced operation in 1995 and
now provides electron beams of unprecedented intensity
and quality for probing the inner structure of the nucleus
and the nucleon. The second major facility, RHIC at
Brookhaven, was first proposed in the 1983 plan; con-
struction was completed in 1999. RHIC accelerates nuclei
and collides them at the highest energies ever achieved in the

laboratory. For a brief moment, each of these collisions

creates energy densities that approach those of the universe

in the first fraction of a second after the Big Bang.

The plans, and the strategic thinking they reflect, have also
succeeded in large measure in optimizing the nuclear science
program —maximizing scientific productivity and return on
investment. They have also led, inevitably, to evolution in the
nuclear science community itself. As experiments have become
larger and more complex, national laboratories have become the
preferred sites for most new facilities. However, successive
long-range plans have emphasized the importance of contin-
uing to provide adequate support for the remaining university
facilities and for university users of the national facilities.
University researchers are the lifeblood of the field, carrying
out much of the research and educating the next generation of
scientists. Adequate support of the infrastructure needed by

these university researchers remains a critical issue today.

Each plan has recognized the importance of finding a
proper balance between effectively operating existing facili-
ties, supporting researchers, and investing in new facilities
and new equipment. Establishing an optimal program with
necessarily limited resources has led to retrenchments in
some areas of nuclear science, to the closure of a number of
facilities, and to reduced support of users and running time
at facilities. The 1996 plan gave high priority to the opera-
tion of CEBAF, to completion of RHIC, and to the devel-
opment of facilities for research with unstable beams,
including an upgrade of the National Superconducting
Cyclotron Laboratory (NSCL) at Michigan State, which
was completed in 2001. These goals have largely been met,
and the most important issue facing us is to ensure that
future funding is adequate to obtain the scientific return

these investments merit.

Approach and scope of this plan. Development of the
present long-range plan followed earlier practice. The
Division of Nuclear Physics of the American Physical
Society organized a series of town meetings to identify
opportunities in four broad subfields of nuclear science: (i)
astrophysics, neutrinos, and symmetries; (ii) electromagnetic
and hadronic physics; (iii) nuclear structure and astrophysics;
and (iv) high-energy nuclear physics. More than a thousand
members of the nuclear science community attended these
town meetings. Each meeting identified the key questions to
be addressed in the coming decade and prepared prioritized
recommendations for new initiatives. These findings and

recommendations were included in a white paper for each



subfield. A fifth white paper was prepared on nuclear science
education and outreach. In addition, in many cases, the
proponents of individual initiatives wrote documents detail-

ing the scientific opportunities of their projects.

To prioritize the resulting recommendations, a Long-
Range Plan Working Group was formed, with membership
representing the breadth of the nuclear science community.
This group met in Santa Fe, New Mexico, in March 2001 to
draft recommendations. Inaddition to the working group
members, the meeting was attended by representatives of
the DOE and the NSF and by invited guests from the inter-
national nuclear science community. The charge letter to
NSAC, the membership of the Working Group, information
on the town meetings, and the links to the white papers can

be found in the appendix.

The road ahead: Nuclear science in the 21st century. In
their charge to NSAC, the funding agencies requested a
“tramework for the coordinated advancement of the field,”
identifying the most compelling scientific opportunities
and the resources that will be needed to address them. In
this Plan, we describe scientific opportunities that address
important questions in each of the five scientific arenas
introduced above. Maintaining a vigorous program in each
area requires a careful balance between effective operation
of existing facilities and new investments. This careful bal-

ance is reflected in our four prioritized recommendations.

RECOMMENDATION 1

Recent investments by the United States in new and
upgraded facilities have positioned the nation to con-
tinue its world leadership role in nuclear science. The
highest priority of the nuclear science community is to
exploit the extraordinary opportunities for scientific
discoveries made possible by these investments.
Increased funding for research and facility operations

is essential to realize these opportunities.
Specifically, it is imperative to

o Increase support for facility operations— especially
our unique new facilities, RHIC, CEBAF, and
NSCL—which will greatly enhance the impact of

the nation’s nuclear science program.

o Increase investment in university research and
infrastructure, which will both enhance scientific
output and educate additional young scientists vital

to meeting national needs.

* Significantly increase funding for nuclear theory,
which is essential for developing the full potential of

the scientific program.

An overall increase of 15% for the DOE and the NSF is
required to obtain the extraordinary benefits that this field
offers to the nation.

The research of approximately 2000 U.S. scientists is tied
to the operation of national user facilities in the U.S. And
yet, in the past year, these facilities ran at 15-45% below
their optimal levels. The increase in operating funds would
eliminate this shortfall and produce a dramatic increase in
scientific productivity as a product of increased operating
hours, improved reliability, and an enhanced ability to

upgrade experimental equipment.

The increase in funding would be used to invigorate the
university-based research groups that contribute strongly to
the intellectual development of nuclear science. The total
number of physics Ph.D.’s awarded in the U.S. has been
declining in the past five years, with a somewhat more rapid
decline in the number of nuclear science Ph.D.’s. Allowing
this trend to continue will imperil our leadership position in
nuclear physics research, as well as impede progress in such

related areas as nuclear medicine and national defense.

The increase would also be used to significantly increase
theoretical research, which has also suffered erosion in recent
years. Theory currently accounts for less than 5% of total
funding for nuclear science, in contrast to the 10% recom-
mended in the first long-range plan. Experimentalists con-
sistently emphasize the crucial role of theory research, a fact
reflected in each of the town meetings. We identify several

mechanisms for addressing this issue in the current Plan.

Investment in new facilities is equally important.
Scientific goals continually change as we obtain new results
and as new opportunities arise. If resources were directed
toward operating our present facilities to the exclusion of

pursuing new directions, our field would quickly stagnate.

Many new initiatives were discussed and assessed during
the town meetings. However, the Long-Range Plan
Working Group considered only those large enough to sig-
nificantly impact resources available to a particular subfield
of nuclear science or, in some cases, to our whole field. The
list of these substantial initiatives was then divided into

three categories: (i) small projects, several of which would



be initiated during the planning period, even within the con-
straints of a tight budget; (i1) medium-sized initiatives, such
as major facility upgrades; and (iii) projects of such a scale
that they represent a major reshaping of the field. Inany
decade, we would expect no more than one project of this
last sort to be initiated. Prioritization of the initiatives dis-
cussed at the Santa Fe meeting provided the basis for the

next three recommendations.

RECOMMENDATION 2

The Rare Isotope Accelerator (RIA) is our highest pri-
ority for major new construction. RIA will be the
world-leading facility for research in nuclear structure
and nuclear astrophysics.

The exciting new scientific opportunities offered by
research with rare isotopes are compelling. RIA is
required to exploit these opportunities and to ensure

world leadership in these areas of nuclear science.

RIA will require significant funding above the
nuclear physics base. This is essential so that our
international leadership positions at CEBAF and at
RHIC be maintained.

The scientific justification for RIA has three broad themes:

® Investigations into the nature of nucleonic matter.
RIA will define and map the limits of nuclear exis-
tence and allow us to explore the quantum mechanical
structure of the exotic many-body systems that may

be found near those limits.

* A quest to understand the origin of the elements and
the generation of energy in stars. RIA will provide
key data, such as masses, lifetimes, and reaction
rates, needed for a quantitative understanding of the
important nucleosynthesis processes, especially the
r-process, by which much of the material around us

was produced.

o Tests of fundamental conservation laws. RIA’s unique
capabilities, including the ability to create exotic nuclei,
which can then be trapped, will permit sensitive tests of
basic symmetries and other important aspects of the

electroweak interaction.

The key to achieving these goals is RIA’s driver accelerator,

which will be a flexible device capable of providing beams

from protons to uranium at energies of at least 400 MeV per
nucleon, with beam power greater than 100 kW. It will pro-
vide higher intensities of radioactive beams than any present
or planned facility, worldwide. This wealth of isotopes prom-
ises a wide variety of applications in basic sciences, applied

sciences, and medicine.

RECOMMENDATION 3

We strongly recommend immediate construction of the
world’s deepest underground science laboratory. This
laboratory will provide a compelling opportunity for
nuclear scientists to explore fundamental questions in

neutrino physics and astrophysics.

Recent evidence for neutrino mass has led to new
insights into the fundamental nature of matter and
energy. Future discoveries about the properties of
neutrinos will have significant implications for onr
understanding of the structure of the universe. An
outstanding new opportunity to create the world’s
deepest underground laboratory has emerged. This
facility will position the U.S. nuclear science commu-
nity to lead the next generation of solar neutrino and

double-beta-decay experiments.

A National Underground Science Laboratory (NUSL)
will house experiments not only to answer significant
nuclear physics questions, but also to address key issues in
the related fields of particle physics, astrophysics, and cos-
mology. A wider science program at NUSL is also antici-
pated, including research in geology and microbiology, and
applied efforts relevant to industry and national defense.
Many next-generation experiments in all these fields must
be substantially more sensitive than current ones and thus
require shielding that can only be provided by working at
great depth underground. Itis highly advantageous, there-
fore, that a new laboratory be deeper than existing facilities

in Japan and Europe.

The Homestake mine in South Dakota offers an ideal
location for NUSL, with available experimental sites
between 2100 and 7200 meters (water equivalent) below
the surface. A proposal for the development of NUSL at
Homestake has been submitted to the NSF, and efforts are
under way for the state of South Dakota to assume owner-
ship of the mine. A second potential site, at San Jacinto in

California, has also been identified.



RECOMMENDATION 4

We strongly recommend the upgrade of CEBAF at
Jefferson Laboratory to 12 GeV as soon as possible.

The 12-GeV upgrade of the unique CEBAF facility is
critical for our continued leadership in the experimental
study of hadronic matter. This upgrade will provide
new insights into the structure of the nucleon, the tran-
sition between the hadronic and quark/gluon descrip-

tions of matter, and the nature of quark confinement.

Favorable technical developments, coupled with foresight
in the design of the original facility, make it feasible to triple
CEBAF’s beam energy from the initial design value of 4 GeV
to 12 GeV (thus doubling the achieved energy of 6 GeV)ina
very cost-effective manner. The timely completion of the
CEBAF upgrade will allow Jefferson Lab to maintain its
world leadership position, as well as to expand that leader-
ship into new areas. The upgrade will provide an exceptional
opportunity to study a family of “exotic mesons” long pre-
dicted by theory, but whose existence has only recently been
hinted at experimentally. Equally important, the higher
energy will open the door to the exploration, through fully
exclusive reactions, of regions of high momentum and high
energy transfer where electron scattering is known to be gov-

erned by elementary interactions with quarks and gluons.

Otbher initiatives. Even under the tightest budget con-
straints, a fraction of the nuclear physics budget must be set
aside to provide the flexibility to fund smaller new initia-
tives. The following initiatives were identified by the Long-
Range Plan Working Group as having great promise but
were not prioritized. Those that may be accommodated
within the existing budget will be implemented, while
others, at earlier stages of development, may be promoted
to the status of strong recommendations in a subsequent

long-range plan.

¢ RHIC II. RHIC is currently the most powerful facil-
ity in the world for the study of nuclear collisions at
very high energies. Nonetheless, a significant
enhancement of the luminosity at RHIC, together
with upgraded detectors, may be necessary to fully
investigate the properties of nuclear matter at high
temperature and density. The associated costs are
incremental in comparison to the large investment

already made in the RHIC program.

® The Electron-Ion Collider (EIC). The EIC is a new
accelerator concept that has been proposed to extend
our understanding of the structure of matter in terms of
its quark and gluon constituents. Two classes of
machine design for the EIC have been considered: a
ring-ring option where both electron and ion beams
circulate in storage rings, and a ring-linac option where

a linear electron beam is incident on a stored ion beam.

These first two initiatives, in particular, require ongo-
ing R&D. For the field to be ready to implement the
RHIC upgrade later in the decade, essential accelerator
and detector R&D should be given very high priority
in the short term. Likewise, there is a strong consen-
sus among nuclear scientists to pursue R&D over the
next three years to address a number of EIC design
issues. In parallel, the scientific case for the EIC will

be significantly refined.

4mGamma-Ray Tracking Array. The detection of
gamma-ray emissions from excited nuclei plays a
vital and ubiquitous role in nuclear science. The
physics justification for a 4 mtracking array that
would build on the success of Gammasphere is
extremely compelling, spanning a wide range of
fundamental questions in nuclear structure, nuclear
astrophysics, and weak interactions. This new array
would be a national resource that could be used at
several existing stable- and radioactive-beam facilities,
as well as at RIA.

Neutron Initiative. Intense beams of pulsed cold
neutrons and beams of ultracold neutrons (UCNSs)
offer sensitive tools for testing fundamental symme-
tries and for elucidating the structure of weak interac-
tions. Experiments are now under way with pulsed
cold neutrons at LANSCE at Los Alamos, and in the
future, we expect to take similar advantage of the
Spallation Neutron Source (SNS), now under con-
struction at Oak Ridge. In asecond thrust, great
advances have been made in the development of
superthermal UCN sources. Such a next-generation
high-flux source might be sited at a number of facilities,
including the SNS. The opportunities at SNS represent
avery highly leveraged use of nuclear physics funds to

carry out world-class experiments with neutrons.

* Large-Scale Computing Initiative. Many forefront

questions in theoretical nuclear physics and nuclear



astrophysics can only be addressed using large-scale
computational methods. High-priority topics include
lattice QCD calculations, multidimensional superno-
va simulations, and quantum many-body calculations
of nuclear structure. Theoretical work of this kind is
crucial if we are to realize the full physics potential of
the investments made at Jefferson Lab and RHIC,
and the new investments recommended for RIA and
NUSL. To exploit current opportunities, dedicated
facilities must be developed with world-leading com-

putational capabilities for nuclear physics research.

ORLaND. The SNS at Oak Ridge will be not only the
world’s most intense pulsed neutron source, but also the
world’s most intense pulsed source of intermediate-
energy neutrinos. This provides a unique opportunity to
conduct experiments complementary to those that might
be undertaken at NUSL. Accordingly, the Oak Ridge
Laboratory for Neutrino Detectors (ORLaND) has
been proposed. It would consist of a concrete “bunker”
large enough to accommodate one very large (2000 ton)
detector and five or six smaller special-purpose detectors,
with an overburden of 30 meters (water equivalent) to

further reduce the background from cosmic rays.

Resources. The long-range plan that we are proposing
will require increased funding, first to exploit the facilities
we have built, and then to invest in the new initiatives we
have identified. At the same time, we recognize that there
have been significant changes on the national scene since
this planning exercise began. First, the response to the tragic
events of September 11, 2001, is forcing a reassessment of
national priorities in which the war on terrorism is given
highest priority. Second, the current economic downturn
is driving a careful evaluation of discretionary spending,
with an understandable emphasis on short-term economic
stimulus. Nevertheless, the scientific opportunities open
to us are no less compelling than they were at the start of the
planning process. We also firmly believe that basic research
in fields such as nuclear science is crucial to the long-term

health of the U.S. economy and to national security.

These issues have been discussed in many places, includ-
ing the “Road Map for National Security: Imperative for
Change,” the final report of the U.S. Commission on National
Security/21st Century, which recommends “doubling the
U.S. government’s investment in science and technology

research and development by 2010.” The report makes a
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number of thoughtful recommendations on the importance
of investment in basic science, from which the “most valu-
able long-run dividends are realized,” and on the way in
which science priorities should be set at the national level.
These critical national concerns are well captured in the
words of Leon Lederman, Nobel Laureate and former
Director of Fermilab: “The combination of education and
research may be the most powerful capability the nation can

nurture in times of stress and uncertainty.”

It must be remembered, too, that, like many branches of
the physical sciences, nuclear physics budgets at the DOE
and the NSF have been eroded in recent years. For example,
since 1995, when NSAC prepared its last long-range plan,
the overall budget for nuclear physics within the DOE has
declined by 8.4% when inflation is taken into account; in
the same period, support for research has been cut by 15%,
because of pressure to fund operations at the new facilities
and to support important stewardship activities at the

national laboratories.

Funding the long-range plan. The full cost of the pro-
posed long-range plan over the next decade is discussed in
Chapter 6 (and a funding scenario consistent with the plan
is summarized in Figure 6.4). Some key fiscal features of the

plan are the following:

® Recommendation 1— Facility operations and research.
Our first recommendation can be addressed by a
15% increase in funding, above inflation, for the field
(including both DOE and NSF programs). This
increased funding level will enable us to take full
advantage of the investments made in our field and

to exploit the outstanding opportunities open to us.

Recommendation 2— Rare Isotope Accelerator. RIA
is our highest priority for major new construction. It
will allow us to realize the outstanding scientific
opportunities offered by research with rare iso-
topes and to ensure continued U.S. leadership in
nuclear structure and nuclear astrophysics research.
As noted in the detailed recommendation, construc-
tion of RIA will require significant funding above
the nuclear physics base. Most of the current base
funding in nuclear physics from the DOE supports
researchers at universities and national laboratories,
together with operation of our two flagship facilities,
CEBAF and RHIC. Redirection of funds away from

areas where we are reaping the scientific benefits of



recent investments would be inconsistent with our
first recommendation. At the same time, the low-
energy nuclear science community must be nur-
tured for RIA to be successful when construction

is complete.

® Recommendation 3— The National Underground
Science Laboratory. NUSL has been proposed to the
NSE, with funding to start in fiscal year 2003. It
will provide opportunities for several fields, includ-
ing high-energy and nuclear physics, geophysics,
terrestrial biology, and national security. The cost
of constructing the laboratory and the initial com-
plement of detectors requires additional funding

above the nuclear physics base.

® Recommendation 4— The Jefferson Lab Upgrade.
The Jefferson Lab Upgrade is included as a construc-
tion project starting in fiscal year 2005, leading into a

modest increase for Jefferson Lab operations later in
the decade.

Constant-effort budget. In our charge, we were asked
to provide guidance for a constant-effort budget at the
level of fiscal year 2001, throughout the years 2001-12. In
recent years, NSAC has been asked to review priorities for
two subfields of the DOE nuclear physics program: the
medium-energy program in 1998 and the low-energy pro-
gram in 2001. In each case, priorities were set for constant-
effort budgets, balancing support for existing programs
against new investment, and some retrenchments were
recommended. In the event of constant-effort budgets for
the next decade, similar exercises would be necessary for
all subfields of nuclear science, and it is clear that further

retrenchments would take place.

We have laid out a framework for coordinated advance-
ment in each of the subfields of nuclear science. For nuclear
structure and astrophysics, the centerpiece of this Plan is the

construction of RIA. In the constant-effort scenario, the

major new construction projects, RIA and NUSL, could
not be built, as the required funding could not be found in
the rest of the program. Without a new project such as RIA,
the existing facilities in nuclear structure and astrophysics
will, over the coming decade, become less competitive with
overseas efforts in Europe and Japan, where substantial
investments are being made. Similarly, without a facility
such as NUSL, the U.S. will not be in a position to assume
the leadership role that we envisage for the next generation

of underground experiments.

We should emphasize that smaller initiatives—even
medium-sized initiatives such as the Jefferson Lab
Upgrade— should be accommodated within a constant-
effort budget. However, the lost opportunity to build a
major new facility, and the much slower pace of new initia-

tives, would be costly for the field.

The following pages describe in depth the opportunities
and initiatives described in this overview and the resources
that they will require. Chapter 2, comprising five sub-
stantial sections, offers a more detailed picture of nuclear
science research today, together with a view of prospects
for the future. Its five sections pursue the themes iden-
tified above in “The Scientific Agenda:” the structure of
the nucleon, the structure of the nucleus, the properties of
nuclear matter under extreme conditions, nuclear astro-
physics, and the quest for a new Standard Model. In
Chapter 3, we offer brief descriptions of today’s oper-
ating research facilities and, in Chapter 4, describe other
facets of the nuclear science enterprise: its role in educa-
tion and public outreach, its international and interdisci-
plinary aspects, and its impact on society. Chapter 5
provides in some detail our vision for the future of the
field, embodied in the four major recommendations and
the other initiatives outlined above. The Plan concludes
in Chapter 6 with a description of the resources needed

to realize this vision.
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Protons and Neutrons:

Structure and Interactions

Overview: QCD and the Structure
of the Nucleons

Protons and neutrons are the seeds of all observable mat-
ter in the universe. The positively charged proton is the
nucleus of the hydrogen atom, and protons and neutrons—
the proton’s uncharged analogs—are bound together to
form all other atomic nuclei. A deeper layer to nuclear mat-
ter has also been uncovered: Protons and neutrons are com-
posed of lightweight, pointlike quarks and gluons. These
constituents possess another type of charge, known as color,
which is the source of the powerful forces that first cluster
the quarks and gluons to make protons and neutrons, and in
turn grip these nucleons to one another, forming atomic
nuclei. The fundamental theory underpinning all of these
phenomena is known as quantum chromodynamics (QCD).
A central goal of nuclear physics is to understand the struc-
ture and properties of protons and neutrons, and ultimately

atomic nuclei, in terms of the quarks and gluons of QCD.

Quantum chromodynamics is similar in name to the well-
known theory of electric charges and light —quantum elec-
trodynamics (QED)—a similarity that reflects deep parallels
between these two fundamental theories. Electric charges
provide the forces that hold electrons in atoms, which in turn
combine to make molecules; color charges provide the forces
that build protons and neutrons, which in turn combine to
make atomic nuclei—in a sense the “molecules” of QCD.
However, there is a profound difference: Atoms can be ion-
ized, and the fundamental electric charges of QED can
appear in isolation, but in QCD the fundamental quark and
gluon constituents of protons and neutrons cannot be liber-
ated. They are said to be permanently confined. This prop-
erty ultimately gives stability to matter as we know it.

While the mechanism of confinement within QCD is
understood qualitatively, a quantitative understanding
remains one of the greatest intellectual challenges in physics.
The QCD theory implies, and experiment confirms, that
when nuclear particles are studied at very high resolution,

their constituent quarks and gluons act as almost free parti-
cles. Such resolution can be obtained in experiments at high
energies, so-called hard-scattering experiments. (See “Hard
Scattering,” pages 18-19.) Such experiments have shown in
detail how the energy and spin of the parent protons and
neutrons are shared among their quark and gluon constituents.
However, in lower-energy experiments, a global or “long-
distance” picture is obtained. Here, the quarks and gluons
are found to interact with one another exceedingly strongly,
so strongly that their individual identities can become
obscured. This powerful attraction is responsible for their
confinement, and while QCD theory qualitatively implies
that this should be so, complex nonlinear features of the

theory make complete calculations impossible today.

Probing the nucleons: Recent achievements. Relating
quark and gluon properties as measured in the high-resolu-
tion data to the more global properties of protons and neu-
trons revealed by lower-energy data—for which confinement
dominates—is an outstanding problem. Consequently, mod-
els have been developed that strive to incorporate the impor-
tant physics of QCD and thus to calculate experimental
observables. Examples include effective field theories and
models that invoke symmetries of QCD, such as chiral sym-
metry (see pages 46—47). Substantial progress is being made
by use of large-scale computers, which perform detailed
QCD calculations of nucleon properties using a discretized
space-time lattice. These “lattice QCD?” calculations have
great potential to usher in a new era in understanding the fun-

damental structure of the proton and neutron.

These theoretical studies of QCD predict the existence
of completely new physical phenomena that should be
revealed under conditions hitherto inaccessible to detailed
exploration. For example, when the nuclei of heavy ele-
ments collide at extreme energies, their neutrons and pro-
tons may effectively “melt,” liberating the fundamental
quarks and gluons as a form of plasma (see pages 51-52).
Other novel consequences of confinement are predicted at
relatively low energies, including new forms of matter
known as “hybrids,” in which the gluonic degrees of free-
dom are excited in the presence of the quarks. Establishing
the existence or nonexistence of these hybrids and the
quark-gluon plasma is of fundamental importance and will

also provide new insights into the nature of confinement.

Nouclear physicists most often probe the strongly bound
protons and neutrons using the electroweak interaction, the

best understood process in nature. These experiments typi-



cally use beams of leptons (i.e., electrons, muons, or neutri-
nos) or photons over a broad range of energies to probe
nucleon structure over many distance scales. Such experi-
ments also provide especially sensitive ways of distinguish-
ing the different “flavors” of quark, notably the up and
down quarks that help to give protons and neutrons their
separate identities. Atlow momentum transfers, static
properties of the proton and neutron, such as their shape,
size, and polarizability, are determined and compared with
QCD-inspired models and lattice calculations. Athigh
momentum transfers, the spatial, spin, and flavor structure
of the proton and neutron are probed by scattering from the

elementary quark and gluon constituents.

Aview to the future. Over the past decade, a new genera-
tion of experimental capabilities has been put in place. High-
duty-factor beams of electrons, polarized beams and targets,
and revolutionary new detectors have become available, pro-
ducing unexpected, and not yet fully understood, results.
With these tools, we have gained new insights into proton
and neutron structure. For the future, important new devices
and capabilities are under development, including a pure,
solid hydrogen or deuterium target (for experiments at the
Laser Electron Gamma Source facility at Brookhaven) and
intense polarized photon beams (the High Intensity Gamma
Source facility at Duke). At MIT-Bates, the new Bates Large
Acceptance Spectrometer Toroid, coupled with the intense,
highly polarized electron beams and pure polarized-gas tar-
gets internal to the South Hall Ring, will provide high-preci-
sion data on nucleon structure at long distance scales. Each of
these devices will add critical capabilities in the near future.

In the longer term, the proposed 12-GeV upgrade of the
CEBAF accelerator at Jefferson Lab will greatly extend the
scientific reach of this facility and open new opportunities for
the program. The hybrid mesons described above, for exam-
ple, are expected to be produced by photon beams that will
be available at an upgraded Jefferson Lab. A complete under-
standing of the fundamental structure of matter will require
continued experiments over a broad range of energies and the

continued development of new devices and capabilities.

The Building Blocks of Matter:
The Structure of Protons and Neutrons

Detailed investigations of the structure of the proton and

the neutron are essential for understanding how these basic

building blocks of nuclear physics are constructed from the
quarks and gluons of QCD. Remarkable new data are now
becoming available that shed a revealing light on hadron

structure, and yet much remains to be learned.

Elastic form factors of nucleons. The electromagnetic
form factors of a nucleon provide a picture of the distribu-
tions of its charges and currents, due almost entirely to up
and down quarks. High-energy hard-scattering data have
shown that, in addition to these quarks, there are also anti-
quarks inside the nucleon, some of which are probably
responsible for the nucleon’s pion cloud, though the precise
details have been unclear. Recent precision measurements
of the electric and magnetic polarizabilities of the proton
have now revealed the role of pions in nucleon structure.
Data with comparable precision are still needed for the neu-
tron, and available results are in serious disagreement with
theory. Existing and planned low-energy facilities will be
able to make extremely precise measurements for the neu-

tron polarizabilities in the near future.

An experiment at Jefferson Lab has found that the charge
and current distributions in the proton are not the same. By
measuring the polarization of the outgoing proton in elastic
electron scattering from a proton target, experimenters
determined the ratio of the electric and magnetic form fac-
tors, G and G, respectively, with small systematic uncer-
tainties. The data, depicted in Figure 2.1, show that Gz and
Gy behave differently as the resolution of the “micro-

scope” (the momentum transfer Q2) increases.

Comparable precision measurements for the neutron are
much harder, not least because a practical pure neutron tar-
get cannot be produced. The total charge of the neutron is
zero, as the net contributions from its positively (mostly #)
and negatively (mostly d) charged quarks counterbalance
each other. However, within the neutron, there is a distri-
bution of electric charge that has been revealed in recent
years by a number of experiments using 2H and 3He targets,
often involving polarization techniques. Results from
experiments at higher resolution are expected shortly. New
precision data on the magnetic structure of the neutron have

also been obtained.

The high-energy hard-scattering data have shown that
strange quarks and antiquarks (s3) also play a role inside the
nucleon, in particular by contributing to the spin of the pro-
ton and neutron. The question of how these strange parti-

cles cooperate in constructing the nucleon is currently being
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Figure 2.1. High-precision images of a proton’s charge and mag-
netism. Old data could not tell if the electric and magnetic struc-
tures of the proton behaved in the same way, as resolution (Q2)
improved. New high-precision data from Jefferson Lab show con-
clusively that they do not, with the electric form factor (Gf)
decreasing relative to the magnetic (G;}) as @2 increases. This
implies that the proton’s electric charge is suppressed relative to
its magnetism for short distance scales; the proton’s electric
charge may even have a hole near its center.

investigated. Advances here are among the most important
achievements since publication of the 1996 long-range plan.
Determining the role of s§ involves measuring the response
of nucleons to both electromagnetic and weak interactions,
in particular through measurement of parity-violation
effects in electron scattering. These new parity-violation
experiments, which represent major technical advances,
complement measurements of the charge and current distri-
butions in the nucleons by measuring the effect of the parity-
violating neutral weak interaction between an electron and a

quark in the nucleon.

The results of the SAMPLE experiment at MIT-Bates are
shown in Figure 2.2, plotted as a function of the strange
quark contribution to the magnetization, G,j, and the axial
current, G4 (T'=1), for a particular resolution, Q2= 0.1
(GeV/c)2. The overlap of data for hydrogen (diagonal band)
and deuterium (inclined vertical band) defines the measured
values of both form factors, indicating that the contribution

of strange quarks to the proton’s magnetism is less than 5%.

The HAPPEX experiment at Jefferson Lab has extended
parity-violation measurements of the strange form factors

to larger momentum transfer [Q2 ~ 0.5 (GeV/¢)2]; here, too,
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the measured values are smaller than theory predicted.
Planned experiments are expected to determine whether
the small measured value arises from a cancellation of elec-
tric and magnetic contributions or from a cancellation of
the s and § contributions in the nucleon itself. Other
planned experiments will separate electric and magnetic
contributions, as well as extend the data over the range

Q2 ~ 0.1-1 (GeV/o)2.

Excited-state structure. Adding energy to the nucleon
provides a complementary look at its structure. The quarks
and gluons change configurations to form excited states, just
as the nucleons and mesons do to form excited states of
nuclei. Many modern QCD-inspired models attempt to
describe the spectrum of these excited states, as well as their
detailed structure. For example, many of these models pre-
dict that the lowest-lying excited state of the nucleon, the
delta resonance, is photoexcited predominantly by magnetic
dipole radiation, with electric quadrupole excitation becom-
ing significant in high-resolution electroexcitation. An
accurate measurement of the quadrupole excitation of the

nucleon can thus be of great importance in testing the forces

GL(T=1)

Figure 2.2. Results from the SAMPLE experiment at MIT-Bates on
hydrogen and deuterium. The overlap of the data for hydrogen
(diagonal band) and deuterium (inclined vertical band) defines the
strange quark contribution to the proton’s magnetic moment (verti-
cal axis), which was previously unknown. It also determines the
proton’s axial charge as measured in electron scattering (horizon-
tal axis), which is surprisingly far from the theoretical estimate
(green band).
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Figure 2.3. Data from LEGS (Brookhaven), MAMI (University of
Mainz), ELSA (University of Bonn), MIT-Bates, and Jefferson Lab
on the @2 dependence of the multipole ratios Rgyy and Ry, for
excitation of the delta resonance, the lowest-lying excited state of
the proton. Curves show model calculations.

between the quarks and, more generally, models of

the nucleon.

With the current generation of electron accelerators, the
ability to carry out such experiments has advanced greatly.
Recent data on two different measures of the nonmagnetic
contributions to excitation of the delta, represented by the
quantities Rg s and Rgyy, are compared with theoretical cal-
culations in Figure 2.3. The R, data tend to support the
underlying QCD prediction that they be independent of Q2
as Q2 - oo. The R, data appear to discriminate among
detailed models of the nucleon.

The spectrum of excited states of a system of bound par-
ticles exposes the underlying dynamics. Several excited
states of the nucleon above the delta resonance have been
observed, but they are hard to identify, as they are often
broad and overlapping. The traditional quark model has
described the spectrum rather well but predicts far more
resonances than have yet been observed. It could be that
the number of internal degrees of freedom is restricted; for
example, if two of the quarks are bound in a diquark pair,
the density of predicted resonances is lowered. An alterna-

tive possibility, predicted by the model, is that the missing

resonances tend to couple strongly to the pN, A, and wN
channels, which have not been amenable to precise measure-
ment. Such measurements are beginning now with the
CLAS detector at Jefferson Lab, with enhanced sensitivity
afforded by the use of longitudinally polarized electrons
and newly available linearly and circularly polarized pho-
tons, together with longitudinally and transversely polar-
ized targets. Anupgraded Jefferson Lab will enable these

studies to be pursued to higher resolution.

Hard scattering and quark distributions. A detailed map-
ping of the quark and gluon constituents of the nucleon has
been undertaken through hard scattering of electron, muon,
or neutrino beams from protons or neutrons within light
nuclei (see “Hard Scattering—Probing the Structure of
Matter,” pages 18-19). Since the presence of quarks and
gluons was first inferred in hard-scattering experiments at
SLAC in the late 1960s, many laboratories have contributed
to current knowledge of the quark and gluon (collectively,
the parton) distributions over broad ranges of Q2, the
momentum transfer, and of the fraction x of the proton’s
momentum that is carried by the struck quark. The
dependence on Q2 at larger momentum transfers is well
understood within QCD. In order to understand the x
dependence, it is advantageous to identify three distribu-
tions: those of (i) the “valence” quarks that determine the
primary quantum numbers of the hadron (such as two up
quarks and one down quark in the proton, or an up quark
and a down antiquark in the 77 meson); (ii) the sea of quark-
antiquark pairs; and (iii) the gluons that provide the binding.
The valence quarks dominate at high x; QCD predicts that
as the Q? increases, the sea of quark-antiquark pairs and
the gluons dominate the low-x region. Experiment has

confirmed this.

The shapes of these three x distributions are the results of
the strong interactions that confine the quarks and gluons in
the hadron. Realistic QCD calculations of these distribu-
tions are only beginning, and most of what is known of
them comes from experiment. Nuclear physics has long
suggested that a proton spends part of its time as a fluctua-
tion into a neutron and a 7. The latter contains a down
antiquark (d ), so this picture implies that the distribution of the
d quarks will differ from that of the up antiquarks (i) in the
proton. One of the most dramatic recent results came from
a measurement at the Fermilab proton accelerator; it showed
(see Figure 2.4) that the distributions of d and # do indeed
differ. This result demonstrates that the strong-interaction
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Figure 2.4. Data from HERMES (DESY) and E866 (Fermilab). The
difference in the distributions of d and u antiquarks in the proton
depends on the fraction x of the proton’s momentum carried by the
antiquark. The shape of this distribution signals the influence of
fluctuations of the proton into a neutron and a 7T- meson.

regime of QCD is essential for understanding the antiquark
distributions. These experiments have a direct bearing on
other probes of the sea of quark-antiquark pairs, for exam-
ple, the sea of strange quarks that are studied in parity-
violating electron scattering.

The biggest uncertainty in the parton distributions of the
proton lies in understanding the distribution of the glue. As
the resolving power of a nucleon probe gets finer (or, equiv-
alently, as Q2 gets larger), the number of gluons is found to
grow substantially. Experiments show that approximately
half of a nucleon’s mass and half of its momentum are due to
the gluons, rather than the quarks. Hadron-hadron colli-
sions are especially sensitive to the glue, and the determina-
tion of the gluon distributions of the proton and the nucleus
at higher x are important goals of the RHIC experiments
discussed below.

Hard Scattering—Probing the Structure of Matter

Atits most fundamental level, strongly interacting mat-
ter consists of light, pointlike quarks and powerful gluon
fields. For example, the proton is built from two up quarks,
a down quark, and an infinite number of quark-antiquark
pairs and gluons. The theory of the interactions among
these “partons” is called quantum chromodynamics
(QCD). The partons interact by exchanging gluons, and the
masses of the proton and the neutron are due mainly to the
gluon fields. A nucleon (a proton or a neutron) might there-
fore be visualized as shown at right—a seething ensemble of
a large and ever-changing number of constituents. Atomic
nuclei, being largely composed of protons and neutrons, are
likewise bound systems of quarks and gluons. A major aim
of nuclear experiments through the next decade will be to
take more detailed “snapshots” of this structure at various

levels of resolution.

The fundamental quark and gluon structure of strongly
interacting matter is studied primarily by experiments that
emphasize hard scattering from the quarks and gluons at
sufficiently high energies. Two important ways of probing
the distribution of quarks and antiquarks inside nucleons

are shown on the facing page.

In the first, an electron (or a muon, a heavier cousin of

the electron) scatters from a single quark (or antiquark) and
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transfers a large fraction of its energy and momentum to the
quark via a photon (shown as a squiggly line). Such deep
inelastic scattering measurements carried out with high-
energy beams have been the primary source of experimental

information on the quark and gluon structure of matter.

<—— 0.00000000000016 cm ———»

Inside the nucleon. Within the theory of QCD, the nucleon has a
complex internal structure, consisting of three valence quarks (large
dots), which are continually interacting by the exchange of gluons
(depicted as springs in this schematic picture). In contrast to the
photons that are exchanged between electric charges, gluons inter-
act not only with the valence quarks, but also with each other, cre-
ating and destroying gluons and quark-antiquark pairs (small dots).



Information on the quark and gluon distributions of the
other hadrons, such as the pion and the kaon, is limited.
Since many theoretical techniques have been able to make
much more progress on the structure of the mesons than the
baryons, measurements of the quark and gluon distribu-
tions of these short-lived objects, though difficult, are
important and promise to provide considerable new insight
into hadron structure. An electron-proton collider would
determine the quark structure of mesons with high preci-

sion over a large kinematic range.

Because of their connection to the quantum numbers of
the hadron and their role in understanding the spectroscopy
of hadronic systems, the valence quark distributions have
received considerable scrutiny —and yet they still pose sig-
nificant puzzles. In rare situations, all of the momentum is

carried by just one quark (the x - 1 region). Understanding

The electron (or muon) exquisitely probes the quark sub-

structure of the proton with a known spatial resolution.

In a second kind of scattering, the Drell-Yan process, the
antiquarks present in the target nucleon are probed more
directly when a quark inside an incident hadron (a proton,
say) has enough energy to annihilate with one of the anti-
quarks. The energy released by annihilation produces a
“virtual” photon, which then materializes as an electron-
positron or muon-antimuon pair at very high relative ener-
gy. Other proton-proton scattering reactions at high energy
have the potential to provide new vistas on the quark and
gluon structure of the proton, with sensitivities that are dif-

ficult to obtain with electron beams.

A central thrust of nuclear physics is to understand the
structure of strongly interacting matter in terms of the fun-
damental quarks and gluons. Important questions being

studied include:

® How do the proton’s and neutron’s various con-
stituents contribute to its overall spin?

® How exactly are the protons and neutrons made from
the different types of quarks?

® What role do quarks and gluons play in the structure
of atomic nuclei? Are they important to understand-
ing nuclear binding?

Essential to new insight are the recent advances in our

theoretical understanding of hard scattering. In the last sev-

the way that the nucleon’s momentum and spin are shared
among the flavors of quark as this extreme is approached
can provide vital information about quark and gluon
dynamics. Since the measurements generally require
nuclear targets, their interpretation needs precise under-
standing of the many-body effects that can change the quark
and gluon distributions in a nucleus from those of a free
proton and neutron. This is a central nuclear physics prob-
lem in its own right. New experiments with the upgraded
12-GeV CEBAF and with other flavor-sensitive probes
have been proposed to accurately determine the flavor and
spin dependence of the quark distributions as the quark car-
ries an ever-greater fraction of the proton’s momentum. If
the predictions of QCD are not realized, most of the current
theory of the valence structure of hadrons will need to be

reevaluated.

eral years, an entirely new class of observables, called gener-
alized parton distributions, has been identified by theorists.
Further, it appears that at some scale the gluon density of
strongly interacting matter must saturate. Where does this
saturation occur and what are its properties? These insights
have stimulated great interest and offer new approaches in
the quest to understand nuclear matter. At a theoretical
level, substantial progress continues to be made toward
complete QCD calculations of nucleon properties, using

ever more powerful computers.
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Probing for quarks. The quarks and antiquarks inside a nucleon
can be conveniently probed in two ways: (a) by deep inelastic
scattering, in which an electron (e) or muon (L) beam probes the
substructure of the nucleon; or (b) by the Drell-Yan process, in
which the probe is a beam of hadrons and where lepton-antilepton
pairs are produced by quark-antiquark annihilation.



It is also informative to study the properties and behav-
ior of hadrons in nuclear matter. For example, structural
changes can occur in a very fast hadron as it passes through
nuclear matter. This offers an opportunity to test QCD.
During a hadron’s short traversal time, quantum mechanics
allows such a particle to fluctuate into states that are much
smaller in size than the states that normally appear in free
space. Therefore, as this “mini” hadron passes through a
nucleus, it interacts more weakly with its neighbors than
would a “normal” hadron, making the nucleus appear to be
more transparent; this QCD effect is known as “color trans-
parency.” Recent data from Fermilab and from the HERMES
experiment at DESY on the production of p mesons have con-
firmed both the presence of these small-sized components and
the general concepts of color transparency. Understanding
and studying the effect of this phenomenon is intimately
related to understanding the origin of the NN interaction at
very short distances. Electron-scattering experiments with
beam energies substantially higher than those now available at
CEBAF will be required to fully explore the implications of

color transparency.

Spectroscopic information on the structure of hadrons
relies on information obtained from much less violent colli-
sions than those characteristic of hard scattering. A chal-
lenge is to understand how the behavior of quarks and
gluons in the asymptotically free regime, as revealed by
violent collisions, relates to the behavior at more modest
energy scales, where the QCD forces become strong.
Recent Jefferson Lab experiments on the excitation of reso-
nances, which are due to the strong collective interactions
among the quarks and gluons, show tantalizing similarities
to the highly inelastic data where the constituents are almost
free. This “duality” property may allow a connection to be
developed between the fundamental quark-gluon degrees of

freedom in QCD and more long-standing hadronic pictures.

At the other extreme of very small x values, the condi-
tions are very different. Although individual quarks and
gluons are almost free, their densities are extremely high,
and interactions among them can become important. The
first evidence of this shows up in a reduction of their densi-
ties in nuclei, as compared with nucleons, at low x, a phe-
nomenon referred to as shadowing. At even lower x values,
these parton interactions are predicted to lead to a new fea-
ture of strongly interacting matter, the emergence of a col-
ored gluon condensate. Nuclear targets with an assembly of

closely packed nucleons provide a simple way to increase
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the effective quark and gluon densities even further. The
search for these exciting new phenomena will require high-
resolution experiments at a future very-high-energy, high-

luminosity electron-nucleus collider.

Hard scattering and spin structure. How the quarks,
antiquarks, and gluons conspire to yield the 1/2 unit of
angular momentum known to correspond to the intrinsic
spin of the nucleon is not well understood, and a vigorous
program of polarized hard-scattering experiments has been
carried out at SLAC, CERN, and DESY to study this prob-
lem. Figure 2.5 shows the world’s data on the spin structure
functions for the proton and the neutron, g{ and g7, respec-
tively. The relative strengths of the proton and neutron data
agree with the prediction of Bjorken’s sum rule, thereby
verifying the QCD analysis techniques used. However, the
fit to the individual strengths of proton and neutron imply
that only about one-fourth of the nucleon’s spin is due to

quarks. This raises the question, Is the dominant contribu-
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Figure 2.5. Momentum dependence of the spin structure functions
for the proton and the neutron, g7 and g7, respectively, evaluated
at Q2 =5 (GeV/c)2. The data are from experiment SLAC E155 (solid
circles), E143 (open circles), and E154 (crosses); CERN SMC
(squares); and DESY HERMES (stars). The solid curves correspond
to a QCD fit that satisfies Bjorken’s sum rule for the difference of the
proton and neutron data, and confirm that the quarks carry only
about one-fourth of the spin for either proton or neutron individually.



tion coming from gluons or perhaps from the orbital
motion of the quarks? This is one of the most important

open questions in hadronic physics.

The coming years afford an outstanding opportunity to
tackle this question with three different experimental
approaches, which are described in the following para-

graphs:
® Direct measurements of gluon polarization

® Determination of the flavor structure of the quark

polarization
* Transversity measurements

Experiments planned at CERN, SLAC, and RHIC aim
to determine the gluon contribution to the proton’s spin. At
CERN the COMPASS experiment will employ beams of
longitudinally polarized muons interacting with longitudi-
nally polarized proton targets to probe gluon polarization.
SLAC will study the photon-gluon fusion process with real
photons. And at RHIC, where the proton beams can be
polarized, quarks whose polarization is already known will
be used to analyze the degree to which gluons are polarized
within the proton via the quark-gluon Compton process.

A comparison of the projected results is shown in Figure
2.6. When complete, these experiments will extend knowl-
edge of the gluon polarization to momentum fractions as
small as X100 ~ 0.01. Measurements of gluon polarization
at still-lower momentum fractions (which are necessary to
ensure that the total gluon contribution is precisely meas-
ured) will require a new collider of polarized electrons and

polarized ions.

To obtain a full understanding of this problem, it will
also be necessary to know how the spin is shared among the
different quark and antiquark flavors over a wide range of x.
Initial information about these flavor structures is available
from semi-inclusive hard-scattering measurements, in
which final-state hadrons are detected in coincidence with
the scattered lepton. The recent HERMES run, with its
ring-imaging Cerenkov detector that cleanly identifies the
final-state hadrons, promises a more precise determination
of the flavor structure of the quark and antiquark polariza-
tion. Additional information on flavor dependence will be
forthcoming from RHIC, including measurements of the
Drell-Yan process, production of electroweak bosons (W=),
and measurements of parity-violating asymmetries in colli-

sions between longitudinally polarized proton beams.
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Figure 2.6. Future data on gluon polarization. Comparison of the
anticipated precision and x range for data on gluon polarization
from planned experiments (TESLA-N is still under consideration).
Three different models of gluon polarization, all consistent with the
existing polarized deep inelastic scattering data, are also shown.

Further insights into the enigma of the nucleon’s spin will
come from measurements of the so-called transversity struc-
ture function, which encodes the quark and antiquark polar-
izations in a transversely polarized proton. Comparing the
transversity and net helicity distributions will expose one
aspect of the degree to which relativistic effects are important
in the quark structure of the nucleon. Preliminary results
from the HERMES collaboration are intriguing, and further
measurements are planned at HERMES, RHIC, and e*e-

colliders.

QCD in the Confinement Regime

In the early 1970s, the spectrum of mesons and baryons
led to the proposal that the quarks inside these particles are
effectively tied together by strings. Today, the string theo-
ries that emerged from this idea are being examined as can-
didates for the ultimate theory of nature. While the strong
interactions are described by QCD, which is not fundamen-
tally a string theory, numerical simulations of QCD (lattice
QCD) have demonstrated that this early conjecture was

essentially correct: In chromodynamics, a stringlike chro-



Figure 2.7. Fields of color.
Lattice QCD has confirmed
the existence of flux tubes
between distant, static mas-
sive charges (left). The con-
stant-thickness flux tube
between the two quarks

|
o
ol o
7\&&";

leads to a potential that
rises linearly as a function

0.2

moelectric flux tube forms between distant static quarks,
leading to their confinement with an energy proportional to
the distance between them (see Figure 2.7). The phenome-
non of confinement is the most novel and spectacular pre-
diction of QCD —and unique among the known forces of
nature. Itis also the basic feature of QCD that drives all of
nuclear physics, from the masses of the proton and other
nuclear building blocks to the NN interaction.

An ideal experimental investigation of the confinement
mechanism would be to fix a quark and an antiquark several
femtometers apart and then to directly examine the flux
tube that forms between them. One of the fingerprints of
the gluonic flux tube would be its model-independent spec-
trum, its first excitation consisting of two degenerate states.
These would be the longest-wavelength vibrational modes
of this system and would have an excitation energy of 177,
since both the mass and the tension of this relativistic string
arise from the energy stored in its color force fields. In real-
ity, experiments must be based on systems in which the
quarks move. Fortunately, both general principles and lat-
tice QCD indicate that approximations to this dynamical
model work quite well, at least down to quark masses of the
order of 1 GeV.

To extend this understanding to yet-lighter quarks, mod-
els are required, but the most important properties of this
system are determined by the model-independent features
described above. In particular, in a region around 2 GeV, a
new form of hadronic matter must exist in which the gluonic
degree of freedom of a quark-antiquark system (a meson) is

excited. The “smoking gun” characteristic of these new

0.4
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of separation (right).
0.6

states is that the vibrational quantum numbers of the gluonic
string, when added to those of the quarks, give correlations
among the spin, parity, and charge-conjugation quantum
numbers that are not allowed for ordinary gg states. These
unusual correlations are called exotic, and the states are
referred to as exotic hybrid mesons. Not only general con-
siderations and flux tube models, but also first-principles
lattice QCD calculations predict that these states exist in
this mass region. These calculations demonstrate that the
levels and their orderings will provide important informa-

tion on the mechanism that produces the flux tube.

There is a great opportunity to address these important
questions experimentally. Tantalizing evidence has
appeared over the past several years, both for exotic hybrids
and for gluonic excitations with no quarks (glueballs). For
example, evidence is now available for two states with exotic
quantum numbers and masses of 1.4 and 1.6 GeV. Both
states have been confirmed by at least one other experiment.
Intriguingly, the masses are lower than those expected from
current predictions. In addition, observation of a scalar
state at 1.5 GeV and the careful mapping out of its decays by
the Crystal Barrel experiment at CERN indicate that the
lowest-mass glueball and the normal scalar mesons are
mixed. The field has reached a point where gluonic degrees
of freedom are evident, but a program of spectroscopy to
map out many of these states is needed to complete our

understanding of the confinement mechanism.

Photon beams are expected to be particularly favorable
for carrying out this spectroscopy program, because they

lead to enhanced production of the exotic hybrids, com-



pared with pion, kaon, or proton beams. To date, most
meson spectroscopy has been done with these latter probes,
so it is not surprising that the experimental evidence for flux

tube excitation is tentative at best.

High-flux photon beams of sufficient quality and energy
will be become available at Jefferson Lab when the facility is
upgraded to 12 GeV. This project will accumulate statistics
during its first year that will exceed existing photoproduction
data by at least a factor of ten thousand and data with pions
by at least a factor of a hundred. With the planned detector,
high statistics, and linearly polarized photons, it will be possi-
ble to map out the spectrum of these gluonic excitations.

Theoretical input, particularly from the lattice, will also
be needed to compare with the observed spectrum of states
and eventually their decay patterns. Recent improvements
in calculational techniques, coupled with the current lattice
initiatives to build a new generation of computers, will
make definitive calculations possible in the not-so-distant
future. When the spectrum and decay modes of gluonic
excitations have been mapped out experimentally, a giant
step will have been taken toward understanding one of

nature’s most puzzling phenomena, quark confinement.

Yet another important issue in the physics of confine-
ment is understanding the transition of the behavior of
QCD from long distance scales (low Q2, where confine-
ment dominates and the interaction is very strong) to short
distance scales (high Q2, where the quarks act as if they were
free). The pion is one of the simplest QCD systems avail-
able for study, and the measurement of its elastic form factor
is the best hope for seeing this transition experimentally.
Figure 2.8 shows how the proposed CEBAF 12-GeV
Upgrade project can explore this transition.

The QCD Basis for the NN Interaction

At present, the best quantitative description of the force
between two nucleons remains the phenomenological
model of meson exchange. The long-range part of this NN
force is mediated by pions, the lightest mesons. The short-
range part is less well understood. While lattice QCD com-
putational techniques are likely to provide detailed
predictions of the properties of single nucleons, numerical
solutions of QCD for systems of more than one nucleon are

still tremendously challenging. However, in the next few
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Figure 2.8. Projections for an upgraded CEBAF. The 12-GeV
Upgrade will allow measurements of the pion elastic form factor
through the expected transition region from confinement-dominated
dynamics (at modest 02) to perturbative-dominated dynamics (at
high @2). The colored symbols depict the expected precision at
values of 02 < 6. The curves represent model predictions of this
transition, while the pQCD result (lower right) is the predicted value
at high Q2.

years, lattice QCD will be able to provide qualitative
insights into the interaction between two very massive
hadrons (containing quarks more massive than # and d),
which is a more soluble problem and involves the same
mechanisms of quark interchange and gluon exchange that

occur in the NN force.

Developing a deeper understanding of the origins of
the effective NN force in terms of the fundamental con-
stituents of QCD has recently become a realistic goal for
nuclear physics through the use of effective field theories.
These theories exploit the symmetries of QCD and enable
its confrontation with low-energy observables. Combined
with the computational techniques of lattice QCD, these
methods have the potential to provide a powerful quantita-
tive tool to connect QCD directly to the low-energy prop-

erties of nuclei.

Understanding the NN interaction is vital not only for
gaining a clear picture of nuclear structure under normal
conditions, but also for making reliable predictions for
more extreme processes, such as those that take place in
supernovae or when a hot, dense quark-gluon plasma con-
denses into nucleons and mesons. Effective field theories
are now very successful in describing processes involving

two nucleons at low energy, for example, #-p capture and



the breakup of a deuteron by neutrino bombardment. The
former process is central to predicting the abundances of
elements from Big Bang nucleosynthesis, and the latter is
required input to understand the flux of neutrinos from the
sun. Work is currently under way on applying effective
field theories to three-body processes and extending them

to interactions among many nucleons.

Unique information on the strong force between hadrons
can be obtained by comparing the force between two nucle-
ons to that between a nucleon and a lambda particle, in which
one of the quarks is a heavier strange quark. What is known
of the AN force comes principally from the study of nuclei
that contain one A, generated, for example, from reactions
using K and 7Tbeams at Brookhaven’s AGS. New instru-
mentation and experimental techniques have dramatically
improved this field’s capabilities. Arrays of high-resolution
detectors of gamma rays at the AGS and electroproduction
experiments at Jefferson Lab with greatly improved resolu-
tion will allow a detailed study of the spin and orbital angular
momentum terms of the AN force. Itis this component of
the NN force that is responsible for the dominant characteris-

tics of the shell structure observed in nuclei.

At the quark level, similar arguments can be made for the
production of strange (and charm) quark-antiquark pairs
with photon and electron beams. For example, in threshold
production of the ¢y meson, which consists of a charm quark-
antiquark pair, the small cc state could have a residual color
van der Waals—type interaction with a nucleon. Such a force
is possibly a strong component of the NN force and could be
studied by a search for Y~ N bound states or, equivalently, ¢
N bound states with strange quark-antiquark pairs.

When two nucleons are separated by subfemtometer dis-
tances, their internal quark-gluon structures overlap, and a
description in terms of QCD is expected to be necessary.
Electron scattering from light nuclei is ideal for probing
such microscopic aspects of nuclear structure. The essen-
tially structureless electron, possessing both a charge and a
magnetic moment, provides a direct and highly precise map
of the charge and magnetization of nuclei; the momentum
transferred by the electron governs the spatial resolution
with which one can measure the distributions. The fact that
electrons can be easily polarized is critically important,
since the ground states of most light nuclei have nonzero
spin. Polarized beams and the detection of polarized reac-
tion products provide a necessary handle to separate the

various contributions to the charge and magnetization.
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The deuteron, with just one neutron and one proton,
provides an excellent example of a light nucleus for such
experiments. When the deuteron is polarized in one of its
three possible quantum states, the spin O state, it has a
toroidal shape; in the other two states (spin +1), it appears
to be a dumbbell. Such shapes are formed by the joint
action of the short-range repulsive force and the anisotropic
pion-exchange force between the nucleons. Disentangling
the deuteron’s electric charge distribution from its quadru-
pole moment requires a combination of two measurements
of unpolarized electron scattering, along with a third, such
as the deuteron’s degree of alignment in the spin O state

along its recoil direction, referred to as t,;.

New measurements of 7,, from CEBAF are consistent
with the meson-nucleon view of the NN force, even at dis-
tances of about 0.5 fm, where the internal structures of the
neutron and proton overlap significantly. The average sepa-
ration between the nucleons in the deuteron is about 4.2 fm;
however, the deuteron density peaks at an internucleon dis-
tance of about 1 fm, where the nuclear forces are most
attractive. Figure 2.9 shows the data compared with various
meson-exchange models. At even higher momentum trans-

fers, corresponding to even smaller distance scales, unpolar-
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Figure 2.9. New t), data from Jefferson Lab. Calculations using
the traditional meson-exchange picture (the dashed curves) agree
best with the new data, even at distance scales where the neu-
tron and proton overlap significantly (at and above Q2 ~ 1), where-
as the perturbative QCD calculation (double solid line) does not
describe the data at all.



ized data from CEBAF, shown in Figure 2.10, appear to be
consistent with expectations from either the quark-gluon or
the meson-nucleon view. To understand the range of appli-
cability of the two pictures, it is essential to extend these and
related measurements in deuterium and other light nuclei to
the highest possible values of momentum transfer, where
sensitivity to the quarks alone would be enhanced. Sucha
program can be carried out by upgrading the CEBAF accel-
erator to 12 GeV.

Another avenue for investigating the role of quarks in
nuclei is by using high-energy gamma rays to break up
the deuteron into a proton and a neutron. In general, the
momentum transferred to the two nucleons can be substan-
tially higher than in the case of electron scattering. It appears
that high-energy two-nucleon breakup of deuterium is, in
fact, consistent with the quark-gluon picture, whereas avail-
able meson-nucleon models fail to explain the data. Recent
polarization data show very similar behavior, which would

be completely unexpected in a meson-nucleon picture.

Even the best available model of the NN force cannot
accurately explain nuclear binding. To reproduce the bind-
ing energies of the simplest light nuclei, it is necessary to add
three-body forces to the pairwise interactions determined
from nucleon-nucleon scattering (see “Theoretical Advances,”
pages 30-31). Unless such forces are considered, the binding
energies of light nuclei are too small, and the binding of
nuclear matter, relevant for understanding neutron stars, is
too large. Precise new polarization data from the Indiana
University Cyclotron Facility (IUCF) constrain the calcula-
tions of the spin-dependent part of the three-body force.

Theoretical Advances

In recent years, theoretical investigations of the internal
structure of the nucleon, and hadrons in general, have
focused mainly on achieving close ties to the fundamental
theory of strong interactions, QCD. At present, three
approaches are promising. The first is numerical simulation
of lattice field theory, the only way known to directly solve
“strong” QCD with controlled errors. A second approach
focuses on low energies and exploits the spontaneous break-
ing of chiral symmetry that is an important consequence of
strong QCD. This is the effective field theory approach (see
above) that has been used with great success in establishing

the Standard Model of electroweak and strong interactions.
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Figure 2.10. Electron-deuteron scattering results. Measurements
of unpolarized electron-deuteron scattering cross sections from
SLAC and Jefferson Lab, characterized by the structure function
A(Q?), are consistent with meson-nucleon—based theories of
nuclei (upper figure), while at higher 02, they also become consis-
tent with the behavior predicted by quark-gluon—based theories
(lower figure).

The third approach is perturbative QCD, a powerful tool to
extract the structure of the nucleon from high-energy scat-

tering processes.

Lattice QCD. Although the idea of lattice regularization
was introduced shortly after the advent of QCD, only
recently have the algorithmic, analytical, and computational
tools been developed to the point that lattice QCD calcula-
tions can have a major impact. In particular, practical meth-
ods have been found for incorporating an exact form of

chiral symmetry on a lattice, and all the tools are now at



hand to undertake a large class of definitive lattice calcula-
tions of nucleon observables. Lattice studies also give
invaluable insights into fundamental aspects of QCD. The
lattice allows theorists to answer interesting questions inac-
cessible to experiment, such as how the properties of QCD
change with the number of colors, quark flavors, or quark
masses. New techniques under development may also
enable study of the phases of dense hadronic matter and the

transitions between them.

A wealth of experimental probes provides rich and precise
measurements of the quark and gluon structure of the nucleon.
The only way that the associated QCD matrix elements can
be calculated directly is on the lattice. Examples of quantities
that can be calculated include masses, form factors, quark-
gluon distributions, and polarizabilities. Many calculations
of nucleon properties have used lattices of moderate size,
heavy quark masses, and “quenched” approximations (in
which effects of the g sea are truncated). These preliminary
studies have provided algorithms and programs that can be
used for realistic calculations, and the results obtained show
qualitative agreement with experiment. Recent lattice results
include calculations of (i) the nucleon electromagnetic form
factors; (i1) moments of the spin-independent, helicity, and
transversity distributions; (iii) the axial charges; and (iv) the
contributions of strange quarks in the nucleon. Itis impor-
tant for the U.S. to invest in tera-scale computers in order to

realize the exciting potential of lattice QCD.

Effective field theory. Atlong distances or low energies,
where the interactions among quarks and gluons are strong,
the mesons and nucleons become the useful degrees of free-
dom to describe the nucleon dynamics. This line of investiga-
tion can be justified in terms of effective field theories, which
organize quantum field theories according to hierarchies of
physical scales. An effective field theory is the most general
description consistent with all underlying symmetries and
physical principles, and it has the useful feature that the
uncertainty associated with a calculation of any observable
can be estimated and controlled. After spontaneous breaking
of chiral symmetry, the relevant energy scales in QCD are the
light quark (or Goldstone boson) masses and the momenta of
the external probes. The effective field theory at these low-
energy scales was first introduced over 30 years ago and is
termed chiral perturbation theory.

This theory has enjoyed great success in describing the
interactions with, and decay of, Goldstone bosons, such as

pions, and its extension to include nucleons and other
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baryons has been investigated extensively. With nucleons,
the convergence of the perturbative expansion is slower
than in the case of the mesons. However, the theory leads to
many predictions that can be compared with experiments,
especially for Compton scattering (both real and virtual)
and near-threshold pion photoproduction and electropro-
duction. The chiral expansion also allows calculation of
quark mass contributions to polarized and unpolarized par-
ton distributions, allowing the extrapolation of lattice calcu-

lations to the chiral limit.

Perturbative QCD. An exciting new area of study in per-
turbative QCD is deeply virtual Compton scattering, which
can be used to measure “generalized parton distributions”
(GPDs). The GPDs contain rich information about quark
and gluon orbital motion and correlations in the nucleon.

In the last few years, the GPDs and their connection to hard
exclusive processes (hard scattering in which all of the reac-
tion products are detected) have stimulated much theoreti-
cal and experimental activity. It now seems within reach to
rigorously map out complete nucleon wave functions at the
amplitude level, rather than merely the probability distribu-
tions that can be inferred from experiments involving inclu-
sive processes. Information about the fractions of the
nucleon spin carried separately by quarks and gluons, and
about their orbital angular momentum, can be obtained

from combinations of these observables.

The GPDs can be probed in a new class of hard exclusive
processes. The simplest example is deeply virtual Compton
scattering, in which leptons scatter inelastically from a
nucleon target, producing a high-energy real photon, in
addition to the recoiling nucleon. The cross section can be
expressed as a convolution of calculable coefficients (charac-
terizing the hard interaction between the electron and the
quark) and GPDs, which describe the nucleon’s structure.
Other examples of hard exclusive processes are similar to
these deeply virtual Compton processes, with a meson
replacing the real photon, thus making it possible to extract
information on meson structure from the experiment. A
number of experiments, including those at Jefferson Lab,
HERMES at DESY, and COMPASS at CERN, are vigor-
ously pursuing this new area. The new window on nucleon
structure that will be opened by the study of hard exclusive
processes is one of the main physics motivations for such
proposed facilities as the CEBAF upgrade, ELFE
(European Lab for Electrons) in Europe, and an electron-
ion collider in the U.S.



Outlook

Recent and planned experimental programs are expand-
ing our understanding of the structure of the hadrons, the
origins of confinement, and the QCD basis for the NN
interaction. These studies must be carried out over a broad
range of energy and distance scales in order to follow QCD
from the partonic regime characteristic of hard scattering to

the distance scales seen in finite nuclei.

In the short term, the highest priority for this subfield is
to exploit the opportunities available at Jefferson Lab and
with the RHIC spin program. Both of these programs are
poised to make substantial advances, which are threatened
by limited resources to operate the accelerator facilities. The
Facilities Initiative, which has the highest priority in this
long-range plan, is a key component in achieving the goals of
the community. In the medium term, many of the outstand-
ing scientific opportunities that have been identified in this
chapter require the higher beam energies that will be provid-
ed by the CEBAF 12-GeV Upgrade, which should take place
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at the earliest opportunity. In the longer term, an Electron-
Ion Collider has been put forward as the next major facility
for this field. This is an exciting proposal for which the sci-
entific case will be refined in the next few years. In parallel, it
is essential that the necessary accelerator R&D be pursued

now, to ensure that the optimum technical design is chosen.

Almost every aspect of this subfield is connected in some
way to QCD. The experiments currently under way or
planned are unlikely to lead to breakthroughs in our under-
standing of this connection without comparable efforts on
the theoretical front through the development of state-of-
the-art techniques such as lattice QCD and effective field
theories. These theoretical advances depend in turn on the
major new computational facilities put forward in the

Large-Scale Computing Initiative.

We have seen substantial progress in the past decade, and
experimental and theoretical tools now in place or planned
promise an exciting and enlightening future as we pursue the
quest to understand the nature of strongly interacting matter
in terms of the fundamental building blocks of QCD.



Atomic Nuclei:

Structure and Stability

Overview: Getting to the Heart of the Matter

The atomic nucleus is at the heart of all matter. Lying at
the core of every atom and comprising over 99% of its mass,
the nucleus is a unique many-body quantal system in which
protons and neutrons interact via strong, electromagnetic,
and weak forces. The desire to comprehend the world
around us, from the smallest constituents of matter to the
largest structures in the universe—and to achieve a degree of
control over our surroundings —motivates much of basic
science. It is natural, then, to seek to understand the inner
workings of the nucleus, a crucial component of the natural
world. Delineating its many properties and achieving a
quantitative description of this fascinating system is the goal

of nuclear structure research.

Over the past decades, we have learned much about the

atomic nucleus, yet crucial questions remain:

® What are the limits of nuclear existence? Experiments
have established which combinations of protons and
neutrons can form a nucleus only for the first eight
elements, and little is known about where the limits of
stability lie for the heaviest nuclei. We do not under-
stand key facets of the mechanism responsible for
nuclear binding, and theoretical predictions of the lim-
its of stability are particularly challenging, since they
require very accurate solutions of the many-body
quantum problem of strongly interacting particles.

How do weak binding and extreme proton-to-neu-
tron asymmetries affect nuclear properties? Virtually
nothing is known about how protons and neutrons
arrange themselves in neutron-rich nuclei, except for
the lightest nuclei—and even there, surprises abound.
There is a pressing need to understand the dramatic
differences between the properties of stable and short-
lived nuclei, especially in light of the fact that the latter
play a major role in the origin of the elements and in
shaping the reactions that occur in supernovae, some

of the most cataclysmic events in the cosmos.
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® How do the properties of nuclei evolve with changes
in proton and neutron number, excitation energy, and
angular momentum? By varying these physical quan-
tities in a controlled manner, we have found that the
structure of nuclei changes significantly, especially
under extreme conditions. So far, little is known in
this area, but progress is such that a unified micro-
scopic description of all nuclei now appears to be less

an aspiration than a realistic goal.

We will begin to address these questions at existing
facilities in the next decade, but their ultimate answers
will require the full power of the proposed Rare Isotope
Accelerator (RIA). Animportant additional issue, which
relies on the answers to all the questions above, is the ability
to apply the findings of nuclear science to problems impor-
tant to society. When the need arises, we must be able to
know or predict the properties of nuclei relevant to biology,

medicine, energy generation, and national security.

Studying the detailed properties of atomic nuclei is a
challenging task that tests the ability of theoreticians to
describe finite quantum objects and to understand how rela-
tively simple structures evolve out of the complex interac-
tions among their constituents. To achieve a quantitative
understanding of the nature of nucleonic matter, the struc-
ture of nuclei must be explored; phases and excitation
modes of nuclei resulting from the interactions between
nucleons must be probed; and the dependence of these
properties on proton and neutron numbers, excitation
energy, angular momentum, and density must be examined.
Some of the diverse and often complex phenomena that
have been observed can be related to the motion of a few
nucleons in a potential generated by the other constituents,
while other properties are associated with the motion of the
nucleus as a whole, such as rotations or various classes of
oscillations. An essential part of our quest revolves around
understanding these collective and single-particle aspects —
and how they are interrelated —so that a single, microscopic

description can emerge.

The study of nuclear structure has a direct impact on
other aspects of nuclear science, including nuclear astro-
physics and the physics of fundamental interactions. Atomic
nuclei have proved to be unique laboratories for exquisitely
precise tests of the descriptions of weak interactions and
other fundamental laws of nature. There are also strong con-
nections with other mesoscopic systems in atomic and con-

densed-matter physics. For example, the evolution of



nuclear properties with increasing excitation energy provides
a fascinating quantum analog to the general problem of tran-
sitions from ordered to chaotic motion. Very neutron-rich
nuclei, far from the common isotopes found in nature, open
the door to investigations of the often-unusual properties of
weakly bound quantum systems. For instance, such nuclei
can include regions characterized by entirely new forms of
low-density, spatially extended, nearly pure neutron matter

akin to that on the surfaces of neutron stars.

Recent advances in understanding the nucleus. Major
conceptual and technical advances have revolutionized the
study of nuclear structure over the past ten years, and
nuclear structure studies have flourished with measure-
ments and calculations aimed at nuclei both near and far
from the valley of stability. Recent significant advances in

several areas can be briefly summarized:

o Shell structure in exotic nuclei. Investigations of
nuclear shell structure far from stability are fundamen-
tal to our understanding of nuclei and their synthesis
within the cosmos. Recent landmark experiments
include the observation of the doubly-magic unstable
nuclei 48Ni (Z =28, N = 20) and 78Ni (Z = 28, N = 50).
In lighter neutron-rich nuclei, spectroscopic studies
have demonstrated clear evidence for a reordering of
nucleonic shells; for a weakening of the familiar shell
closures around N = 8, 20, and 28; and for the emer-
gence of a new shell gap at N = 16 in the most neutron-
rich nuclei. These studies provide the first indications
that our models of nuclear structure, developed near
beta stability, are not adequate for nuclei with large
neutron excesses. In the most proton-rich nuclei,
where, counterintuitively, a strong Coulomb force
inhibits charged-particle emission, proton decay has
rapidly evolved from an exotic phenomenon to a pow-
erful spectroscopic tool. First signatures of a new
form of pairing have been seen in nuclei with equal
numbers of protons and neutrons, and a new decay
mode, nonsequential two-proton radioactivity, has

been discovered.

Collective excitations. We gain insight into the prop-
erties of nuclei by establishing and studying their
basic modes of excitation. Recent advances include
the discovery of the first candidates for the new col-
lective modes of chiral rotation and wobbling motion
in triaxial nuclei. Dynamical symmetries of the

nuclear Hamiltonian have been explored, and the
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properties of nuclei with very elongated (superde-
formed) shapes have been elucidated. In particular,
light superdeformed nuclei have been discovered.
They provide a unique opportunity to study the
underlying microscopic structure of collective rota-
tions. Definitive excitation energies and quantum
numbers have been determined for the first time in
the key superdeformed nuclei 152Dy and 194Hg.

Synthesis, structure, and chemistry of the heaviest
elements. The discovery and investigation of the
heaviest nuclei test our understanding of which com-
binations of neutrons and protons can give rise to
long-lived superheavy nuclei, and extends the peri-
odic table, fundamental to all of chemistry.
Significant achievements within the last several years
include the synthesis of new superheavy elements;
the first chemical studies of seaborgium (Z = 106),
bohrium (Z = 107), and hassium (Z = 108); and the
first in-beam gamma-ray spectroscopy of the trans-

fermium nucleus nobelium (Z = 102).

Nuclear structure theory. Enormous progress has
been made in the microscopic description of nuclei,
including ab initio calculations for light nuclei and
advances in the shell model and mean-field theory to
include improved effective interactions and coupling
to the continuum for studies of weakly bound sys-
tems. These advances enabled theorists to make
detailed quantitative predictions of structure and

reaction aspects of nuclei.

Looking ahead: A concise roadmap. Current progress in
understanding the properties of nuclei is impressive, and the
field is poised for significant breakthroughs over the next
decade. A deeper understanding of the atomic nucleus will be
achieved by efforts in both nuclear structure theory and
experiment, where each discipline takes its inspiration from
the other. But the impetus in both areas lies increasingly with
studies of nuclei under extreme conditions, especially those
with extreme proton-to-neutron ratios. In the near and inter-
mediate-term future, complementary studies both near and
far from stability will be pursued at stable-beam accelerators,
such as those at Argonne and Berkeley Lab and at a number
of universities, as well as at existing dedicated exotic-beam
facilities, especially HRIBF at Oak Ridge and the new projec-
tile fragmentation facility of the NSCL at Michigan State. In
the longer term, the properties of the new and currently inac-

cessible rare isotopes that inhabit the very boundaries of the



nuclear landscape will be the focus of greatest interest— thus
the high priority accorded the proposed construction of RIA,

abold new concept with tremendous discovery potential.

The nucleus is a remarkable quantal system displaying
diverse and rare phenomena. Governed by the strong inter-
actions among nucleons, nuclei exhibit correlations result-
ing in both single-particle and collective modes of
excitation. Nuclear structure theory attempts to understand
these excitations and the responses of nuclei to different
external probes, within a coherent framework. This theo-
retical framework must encompass a wide range of energy
and momentum scales for nuclei ranging from the deuteron
to the superheavy elements. Theory strives to describe the
structure and dynamics of these often-disparate systems and
to apply the understanding thus achieved to unravel some of
the mysteries of the universe. For more on recent advances,

see “Theoretical Advances,” at right.

In recent years, much of nuclear theory has started from
a traditional description of the nucleus as a system of inter-
acting nucleons and associated currents. This starting
point poses fundamental questions for the field: How does
aso-called effective theory arise from such a traditional
beginning as a reasonable approximation to quantum chro-
modynamics (QCD)? And what determines its range of
validity? Techniques based on chiral symmetry have pro-
vided some answers to the first question, producing effec-
tive theories with dominant two-body interactions.
Experiments at facilities such as Jefferson Lab are helping
with the second question, testing the predictions of both
traditional and QCD-based calculations over momentum
ranges where the validity of neither is clear. A long-term
objective is to develop a nonperturbative QCD technique,
such as lattice QCD, that matches nucleonic descriptions at
such an intermediate scale, thereby determining the low-

energy parameters of nuclear interactions from QCD.

Within a framework that describes the nucleus in terms
of interacting nucleons, research has taken several direc-
tions. The foundations of independent particle motion and
the microscopic origin of nuclear shell structure continue to
be explored, as are more recent issues concerning the impact
of unbound states on weakly bound systems, the response

of nuclei to external electroweak probes, and precise calcu-
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Theoretical Advances

Nuclear structure theory strives to develop “the” com-
prehensive model of the nucleus—a model that must
encompass a wide range of energy and momentum scales,
for nuclei ranging from the deuteron to the heaviest ele-
ments. Nuclear theorists try to understand bulk proper-
ties of nuclei and nuclear matter, nuclear excitations, and

the response of nuclei to diverse external probes.

We have seen significant advances in microscopic mod-
eling of nuclear structure in recent years, due in large part
to recent increases in computational power and to associ-
ated algorithm developments. Indeed, access to national
computing facilities remains an important ingredient in
nuclear theory research. For the lightest nuclei, theorists
can solve the equations describing the nucleus exactly.
Here, the state of the art is the work on few-nucleon sys-
tems, based on the free nucleon-nucleon interaction, aug-
mented by a three-body force. Such calculations, which
are only possible on the best modern computers, allow us
to predict the properties of nuclei with masses up to ten.
The calculated and experimental spectra for nuclei with
A =4-10 are shown in the figure below. As these results
show, even the best available parameterization of the pair-
wise interaction between nucleons cannot accurately

explain nuclear binding. To reproduce the measured binding

Energy (MeV)
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Three-body forces at work. These energy-level diagrams for
nuclei with A = 4-10 demonstrate the importance of including
three-body forces in the calculation of nuclear binding. The
results marked av18 excluded three-body forces, whereas those
marked +IL4 included them. The latter show excellent agreement
with experiment.
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fields, such as quantum chemistry and condensed-matter
physics. The calculations shown in the plot agree well —
with one another and with the experimental data—in the
region where experimental data are available, but they
diverge (from one another) for neutron-rich isotopes with
N > 82. Clearly, more experimental data for neutron-rich
isotopes are needed to determine the density dependence of

energies of the simplest light nuclei, it is essential to consider
three-body forces. Such three-nucleon forces are expected
because the nucleons are themselves composite objects. (A
familiar example of a three-body force can be found in a sys-
tem comprising the Earth, the moon, and an artificial satel-
lite. The tides induced by the moon in the Earth’s oceans
alter the Earth’s pull on the satellite.) The nuclear three-
body forces are believed to be rather weak, and they have not

yet been determined accurately.
the effective interaction.

For heavier nuclei, various methods based on the concept
In addition to revealing our lack of a comprehensive

of nucleons moving in orbits, or shells, and interacting via
nuclear model covering the entire nuclear chart, our inabili-

pairwise effective forces have been very successful in predict-
ty to extrapolate is a serious problem in the context of

astrophysical processes of nucleosynthesis, whose paths

51— T T T T 1
i\ e Experiment| ] traverse unknown regions of the nuclear chart. The Rare
i f\‘ :Eg::tg‘ 1 Isotope Accelerator will provide
L+ o5 + HFB-DIS | { 10 y— — T T the opportunity to address this
LT \ SkX . . 1 issue by probing how key con-
T RHB-NL3 ; yPp & Y
20 [ +\°° Ll - = I 1 cepts of nuclear structure evolve
I +\,v..:, 1 :t 4 with nucleon number.
+\;~,;¢ "L e i
E | .é\‘\ i _'5 | Data do not exist _
= > L] ar
& « L+ i
(V2] B \ 1 . L
f— — - I~ + N
15 . N The value of data. Calculated two-
- 1: i T N 7| neutron separation energies for
! ] - - RIS iy - even-even isotopes of tin are shown
| 1 5 i QR here in the region where experimen-
Data exict . : tal values also exist and in the region
ala exIs 4 B .
| | : | | (N> 82) where no such data are
1050 — : ' ' ' ' available. The calculations used
60 i 80 e o Jey U Uiy [ several microscopic models based
Neutron number on mean-field theory.

Neutron number

31



lations of reaction rates at energies relevant for astrophysics.
While essentially exact calculations are now possible for
few-body systems, various approximations must be invoked
in describing heavy nuclei because of their inherent com-
plexity. The transition from one type of description to the
other is also being explored. Whether a simple picture of
effective interactions and operators will evolve, and what its

crucial features will be, remain open issues.

The Hamiltonian required to describe the structure of
nuclei is not known a priori. Accordingly, its accurate
determination is a high priority, as is establishing and under-
standing the relationships among different approaches to
nuclear many-body theory. We have seen major progress
along several lines since the 1996 long-range plan. One such
line involves the use of bare, nonrelativistic two- and three-
nucleon interactions in the Schrodinger equation. Recent
calculations have shown that nuclear structure indeed devel-
ops from the underlying nucleon-nucleon and three-nucleon
forces, and that the properties of light nuclei can be repro-
duced satisfactorily. A second approach, focusing also on
light nuclei, involves the use of effective field theory. This
approach is based on the equivalence, at sufficiently low
energies, of QCD and an effective theory, provided that the
latter respects the underlying symmetries of QCD. During
the last five years, significant progress has been made in
studying the deuteron and three-body nuclei by this means.
A third approach uses an effective Hamiltonian within a
restricted model space. This effective interaction can, in
principle, be derived from the bare interaction. Shell model
techniques can then be applied to this effective Hamiltonian
to calculate the structure of the nucleus of interest. Recently,
with major computational advances, the nuclear shell model
approach has been successfully applied to the description of
moderately heavy nuclei (A ~ 60). Finally, self-consistent
mean-field theories offer a fourth microscopic approach to
nuclear structure. In this approach, the dependence of energy
on nucleonic densities is defined, and an appropriate effec-
tive many-body Hamiltonian is solved for the ground state
and bulk properties of a given nucleus, as well as for collec-

tive excitations.

Complementing these microscopic approaches, major
advances continue to be made with models focusing more
directly on the collective building blocks of nuclear struc-
ture. New collective modes, both in nuclei near stability
and in those near the neutron drip line, have recently been

discussed, new descriptions of shape-transitional regions
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have been developed, and new nuclear collective excita-
tions have been proposed. Continued work on these more
macroscopic models— often based on symmetry considera-
tions—is called for, especially in regards to their link to the
underlying forces at play in the nucleus. It still remains a
major challenge for nuclear theory to understand these sim-
ple models, their ranges of applicability, and the underlying
coupling schemes.

Collective degrees of freedom dominate many aspects of
nuclear structure: Despite the complexity of the underlying
quantum mechanics, nuclear responses often exhibit a sim-
plicity associated with either single-particle modes or col-
lective modes such as rotation and vibration. A number of
question related to such modes thus remain at the forefront:
What are the relevant degrees of freedom of the nuclear
many-body system? What is the microscopic origin of col-
lectivity? How does structure evolve with increasing nucleon
number? Are there new collective modes in weakly bound
systems? And what is the mechanism (or mechanisms)
behind large-amplitude collective motion such as fission or

shape coexistence?

Several important theoretical challenges must be faced
during the next decade. The experimental emphasis on
nuclei far from the valley of beta stability —nuclei to be
investigated with RIA —requires further exploration of
nuclear forces and currents, effective interactions, and tech-
niques to solve the nuclear many-body problem in the
regime of weak binding. This will provide the necessary
tools to address questions concerning the mechanism of
binding in exotic nuclei, the possible clustering in neutron
skins, the role of correlations in low-density nuclear zones,
and the description of soft, collective modes of excitation.
Furthermore, many nuclear systems (including nuclear mat-
ter) that are important in astrophysical environments can-
not be probed in the laboratory. Reliable theoretical tools

must be developed to describe such systems accurately.

Exploring the Nuclear Landscape

Since the 1996 long-range plan, important new experi-
mental results have added significantly to our understanding
of nuclear structure. These advances are due, at least in part,
to continuous improvements in the capabilities of accelera-

tors and to successes in the quest for detection systems with
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Figure 2.11. The nuclear landscape, defining the territory of nuclear physics research. On this chart of the nuclides,
black squares represent stable nuclei and nuclei with half-lives comparable to or longer than the age of the Earth.
These nuclei define the “valley of stability.” By adding either protons or neutrons, one moves away from the valley of
stability, finally reaching the drip lines where nuclear binding forces are no longer strong enough to hold these nuclei
together. The dark yellow region shows the range of unstable nuclei that have been produced and studied in labora-
tories. But many thousands of radioactive nuclei with very small or very large N/Zratios have yet to be explored. This
nuclear terra incognita is indicated in green. The proton drip line is already relatively well delineated experimentally
up to Z=83. By contrast, the neutron drip line is considerably further from the valley of stability and harder to approach.
Except for the lightest nuclei, the neutron drip line can only be estimated on the basis of nuclear models. The red vertical
and horizontal lines show the “magic numbers,” reflecting regions of high stability. The anticipated paths of astro-
physical processes for nucleosynthesis (r-process, purple line; rp-process, turquoise line) are also shown. The Rare
Isotope Accelerator (RIA) will enable studies of exotic radioactive nuclei far from the valley of stability, important for

both nuclear structure studies and nuclear astrophysics.

increased sensitivity. These discoveries relate to nuclei dis-
persed over the entire nuclear chart (see Figure 2.11) and, as a
result, the data shed new light on many facets of nuclear
structure. The following sections expand on some of these

discoveries and indicate how they point to the future.

Nuclei near stability: Collective modes and phase transi-
tional behavior. Significant advances in understanding nuclei
lying along the valley of stability include, among other
insights, new information on vibrational modes and dynam-
ical symmetries. Considering the fact that the frequency of
nuclear vibrational motion is comparable to that of single-
particle motion, the mere existence of collective vibrational
states in nuclei is remarkable. The identification of multi-
phonon states is then of importance, since their existence
relates directly to this interplay of single-particle and collec-

tive degrees of freedom, and to the influence of the Pauli
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principle on collective modes. The search for such states has
recently been successfully expanded to include vibrational
modes with several phonons and with phonons of different

multipolarities.

New experimental studies with samarium isotopes have
shown that nuclei can exhibit behavior resembling that of
phase transitions found in other many-body systems.
These isotopes are transitional in that they are located on
the nuclear chart between spherical and deformed nuclei;
as a result, they display intense competition between dif-
ferent degrees of freedom (see “Nuclear Phases,” pages
34-35). This work has inspired the development of analytic
predictions for critical-point nuclei. Examples of such critical
points have now been identified empirically, and further study
of phase transitional behavior both near and far from stability

is an exciting ongoing challenge.



Nuclear states at high angular momentum. With advanced
gamma-ray detector arrays such as Gammasphere, we con-
tinue to make impressive progress in investigating the evolu-
tion of nuclear structure with increasing angular momentum
and excitation energy. For example, high-spin states have
now been studied for the first time in such important dou-
bly-magic nuclei as 48Ca, 132Sn, and 298Pb, identifying as a
function of energy the dominant nucleonic excitations and

collective modes.

Specific nucleons can play a dramatic role in driving the
shape of the nucleus, as was illustrated recently by the discov-
ery of very elongated (superdeformed or SD) shapes in 36Ar
and in the doubly-magic “°Ca and 56Ni. Such discoveries in
light nuclei are especially important, since they provide the
opportunity to study highly collective states in the frame-
work of both nuclear shell model and mean-field approaches

and, hence, to investigate the microscopic origin of collective

rotation. Other achievements in the area of superdeforma-
tion relate to the discovery of new regions of SD nuclei near
A ~60,A ~90,and A ~ 110, and to the first evidence for triax-
ial extended shapes near A ~ 170. Moreover, for the first time,
we have determined the actual excitation energy and the spe-
cific quantum numbers (spins and parity) of a few SD bands
in the well-established A ~ 150 and A ~ 190 regions. This was
done by observing weak, one-step transitions linking the SD
states with the “normal” levels that characterize the equilib-

rium shape of the nucleus.

These results provide severe tests for models calculating the
impact of shell effects on the total energy. The fact that key
residual interactions such as pairing are attenuated at high spin
has emerged from studies demonstrating that a picture of
extreme single-particle motion applies in this regime. This rep-
resents the best example thus far of the application of the shell

model at extremes of angular momentum and deformation.

Nuclear Phases

Ordinary matter can undergo a change from one physical

state to another, in response to changes in such variables as
temperature or pressure. These changes are called phase
transitions. Water, for example, under normal atmospheric
pressure, undergoes abrupt phase transitions from solid
(ice) to liquid to vapor as the temperature rises. Similar
transitions can be induced by changing the pressure at a
constant temperature. Beyond a certain point, however,
uniquely defined by its temperature and pressure, the dis-
tinction between liquid water and water vapor is lost; this
point is the “critical point.” The location of the phase
boundaries and the critical point represent two of the most

fundamental characteristics of any substance.

Over the last few years, applications of the concept of
phase transition have been extended, even to biological sys-
tems and to social, financial, and computer networks. In
particular, phase transitions in small physical systems, such
as atomic nuclei, metallic superconducting grains, metal
clusters, quantum dots, and Bose-Einstein condensates,

have attracted increasing attention.

In contrast to macroscopic (“infinite”) systems, small
systems such as clusters or nuclei manifest finite-size effects
that may compromise the signatures of a phase transition.

However, the strongest transitions can still survive,
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although they become muted and more gradual. Examples
of observable phase transitional behavior in nuclei include
the collapse of nuclear superconductivity with increasing
temperature and/or angular momentum (the nuclear
Meissner effect), shape transitions and shape coexistence
phenomena, the liquid-gas transition expected to occur in
heavy-ion reactions, and a number of transitions associated

with the quark-gluon degrees of freedom.

Shape transitional phenomena are illustrated at the near
right for the case of samarium. Here, the different “phases”
are different nuclear shapes, which depend on the number of
neutrons in the nucleus. Nuclei have been observed in both
spherical and deformed phases, as well as in “critical-point”

states.

The second figure shows the results of a recent series of
experiments that have characterized the liquid-to-vapor
phase transition in nuclei. This represents the first time an
experimentally derived phase diagram has ever been made
for a system governed by the strong force acting inside
nuclei, rather than by the electromagnetic force that governs
the everyday matter in the world around us. Nonetheless,
the similarity of the diagrams representing phase transitions
in these two different regimes is striking, a reflection of the

fact that the effective forces between nucleons (governed by



New forms of quantum rotation have been found in
several regions of the nuclear chart. One involves a gradual
closing with increasing angular momentum of the angle
between the angular momentum vectors carried by the
neutrons and protons (shears mechanism). Another con-
cerns the possible existence of so-called chiral bands and is
intimately related to the rotation of a triaxial body. Both
of these new modes require that the protons and neutrons
occupy specific states with high intrinsic angular momen-
tum, and the description of these modes contributes to our
understanding of correlations between protons and neutrons

in nuclei.

In the presence of large angular momentum, the intrinsic
nucleonic density is strongly polarized; that is, the nucleus
exhibits the variety of phenomena and behavior character-
istic of condensed matter in a magnetic field: ferromagnet-

ism, the Meissner effect, and the Josephson effect. The

the strong force) are similar to those between molecules in
many ordinary liquids (governed by the electromagnetic
force). In both cases, the force is repulsive at short distances
yet attractive at long distances. The critical temperatures
and densities, however, are very different: For a collection
of krypton atoms, 7, =209 K and p. 00.1 moles cm=3; for a
collection of nucleons inside a krypton nucleus, 7, 08 x
1010K and p, 08 x 1013 moles cm3.
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nuclear magnetism is caused by the spin-dependent parts
of the effective interaction. Understanding the structure
of these terms and the associated fields, which are dramati-
cally amplified by the huge Coriolis interaction, is a major
challenge for nuclear structure research. Such studies,
requiring unparalleled resolution and selectivity, will cer-
tainly profit from the next generation of gamma-ray track-

ing arrays.

Such studies will then provide important benchmarks
for the exploration of the exotic nuclei that are now within
reach, first with the exotic-beam facilities that have just
come on-line and, later, with RIA. For example, some of the
properties of high-spin states provide information on cross-
shell excitations that play a crucial role in exotic nuclei far
from stability. Such properties also offer insight into the
importance of pairing and other correlations in neutron-

rich nuclei.
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Liquids and gases. Experimental phase diagrams are shown here
for the nucleus of a krypton atom (left) and a macroscopic fluid of
krypton atoms (right). The vertical axis is temperature (as a frac-
tion of the critical temperature T,); density (as a fraction of the
critical density p,), rather than pressure, has been chosen for the
horizontal axis.

Shapes of samarium. The energy-level schemes for three excited
isotopes of samarium are shown at the top of the figure, and the
inferred nuclear shapes are shown below. The isotope 148Sm
shows features characteristic of a spherical vibrator, whereas
154Sm exhibits rotational bands typical of a deformed (elongated)
nucleus. On the other hand, 152Sm behaves like a critical-point
system, whose shape cannot be precisely defined. This is illus-
trated in the energy diagrams below the shapes, where energy is
plotted as a function of shape deformation. Well-defined minima
exist for two of the isotopes, but the energy minimum for 152Sm is
very broad, and it is impossible to say whether the nucleus is
spherical or deformed.



Beyond the Proton Drip Line

On the nuclear landscape (see Figure 2.11), the proton
drip line is defined by the most massive bound nucleus of
every isotonic (N = constant) chain. The calculated location
of the proton drip line for nuclei with atomic numbers Z =
50 to Z = 82 is indicated by a thick black line in the figure
shown below. For nuclei that lie above this line, the last pro-
ton has a positive energy and, hence, is unbound. This is not
to say that such a proton escapes from the nucleus instanta-
neously! On its way to freedom, the proton must overcome
a very wide energy barrier in the region where the attractive

nuclear potential overwhelms the repulsive Coulomb force.

Escape is therefore forbidden in classical physics, but it
occurs in the microscopic world of the nucleus as a result of
quantum tunneling. The proton decay probability is sensi-
tive to the energy and angular momentum of the proton, as
well as to the properties of the nuclear states before and after
decay. The important difference between proton emission
and the well-known phenomenon of alpha decay lies in the
fact that the latter process is influenced by the formation of
an alpha particle inside the nucleus, whereas the proton is
readily available for the decay process. Known proton emit-

ters are indicated in red in the figure.

Proton emission has rapidly evolved from a newly
observed phenomenon to a powerful tool providing infor-
mation on basic nuclear properties. In situations where the
decaying nucleus is deformed, quantum tunneling through a
three-dimensional barrier takes place. The quadrupole
deformation 3, indicates the quadrupole shape deforma-
tion: A spherical shape corresponds to 3, = 0, positive val-
ues describe “prolate” (football-shaped) nuclei, and negative

values indicate “oblate” nuclei (flattened spheroids).

Experimental evidence that nuclear deformation needs to
be considered has become available only recently, when
measured half-lives in some nuclei could not be reproduced
by calculations that assumed tunneling through a spherical
barrier. The first cases reported were 141Ho and 131Eu. In
the case of 1*1Ho (Z = 67; see illustration at the upper right),
where two proton-emitting states have been discovered, the
presence of deformation has been confirmed by the observed
sequences of nuclear states characteristic of the rotation of a
deformed, prolate nucleus. Because the first excited state in
deformed nuclei lies at a very low excitation energy —typi-
cally only a few hundred keV above the ground state—proton

decay to such a level can compete with the usual decay to the
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Life at the edge. This segment of the chart of nuclides shows the proton drip line (heavy black line) for atomic num-
bers 50 through 82. The red dots indicate systems for which proton decay has been observed; a horizontal line through
the dot indicates the observation of fine structure. The parameter 3, indicates the degree of deformation for the
ground state of each nucleus.
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ground state. This is referred to as fine structure in pro-
ton decay and has been observed in a few cases, for
example, in 131Eu (Z = 63), for which the data are shown
in the lower figure below.
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Rotating proton emitters. The band structures seen on top of
the two proton-emitting states of 4'Ho are associated with the
rotation of this nucleus. Their presence confirms the sizable
deformation of 4'Ho that had been inferred originally from the
measured proton-decay half-lives.
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Fine structure in europium. In 13'Eu proton decay has been
observed to both the ground state of '30Sm and to the first
excited state of the deformed nucleus, as shown by the small
spectral peak observed at 811 keV.
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The proton drip line and beyond. Properties of nuclei at or
near the proton drip line address a number of fundamental
questions. First, establishing the exact location of the drip
line represents a stringent test for mass models and con-
strains the path of nucleosynthesis (rp-process). In addi-
tion, because of the stability provided by the Coulomb
barrier, it is possible to study quasi-bound states in nuclei
that actually lie beyond those that would be bound by the
strong force alone. Such nuclei eventually decay, via quan-
tum tunneling through a three-dimensional barrier, by emit-
ting protons. A flurry of experimental activity studying this
decay mode (some of it summarized in “Beyond the Proton
Drip Line,” at left) has resulted in the complete delineation of
the drip line up to scandium (Z = 21) and, for odd-Z nuclei,
up to indium (Z =49). A large number of proton emitters
have also been discovered between indium and bismuth (Z =
83), and we have achieved a quantitative understanding of
the properties of the decaying nuclei, such as their half-lives.
Deformation has also been found to affect proton decay sig-

nificantly.

A new mode of nuclear decay, direct two-proton emis-
sion, has been shown to occur in 18Ne (see Figure 2.12).
This mode was predicted decades ago, but until recently,
experimental efforts had found only sequential emission
through an intermediate state, a mechanism energetically
forbidden in the case of 18Ne. The characterization of the
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Figure 2.12. A rare event. Two-proton decay, one of the most
exotic and elusive nuclear decay modes, has recently been
observed in 18Ne. As seen from the energy relationship between
160, 17F, and '8Ne, emitting one proton after the other, first from
18Ne to yield 17F and then from 17F to give 160, is forbidden for 18Ne
states up to 6.4 MeV. The measured angular correlations between
emitted protons, along with their relative energy distributions, give
the first evidence of the two-proton decay, indicated by the long
red arrow, of an excited state of 18Ne at 6.15 MeV.



proton spectra will provide new insight into two-particle
correlations and superconductivity in nuclei. First signa-
tures of a new form of pairing have been seen in nuclei with
A > 60 having equal numbers of protons and neutrons.
However, intense beams from RIA will be necessary to
explore the unique structure of these nuclei, as well as other

heavy N = Z systems.

In the short term, the exploration of particle-stable
nuclei at or near the proton drip line with Z > 50 will con-
tinue, emphasizing mostly the regions where calculations
predict the onset of deformation. In particular, the region
above 208Pb, where the Coulomb field is the strongest, will
be the focus of attention. The opportunity to study proton
emitters and beta-delayed proton emitters in lighter nuclei
(Z < 50) has recently improved significantly, and research

will concentrate on rp-process nuclei near the N = Z line.

Neutron-rich nuclei: The physics of weak binding. At
present, the question of which combinations of protons and
neutrons form a bound nucleus has not been answered
experimentally for most of the nuclear chart because of the
lack of experimental access to most neutron-rich nuclei. At
the dawn of a new century, these neutron-rich nuclei are
increasingly the focus of experimental and theoretical inves-
tigations, as they promise to shed new light on the nuclear
many-body problem. They also offer a unique terrestrial
laboratory for studying neutron-rich matter, and as such,
their properties represent invaluable input into pressing
astrophysics problems, such as r-process nucleosynthesis
and the characterization of the crusts of neutron stars. The
fact that the limit of nuclear existence is experimentally
unknown for all but the eight lightest elements illustrates
both the experimental difficulty of accessing neutron-rich
nuclei and the bright prospects at new and planned accelera-

tor facilities.

The valence neutrons of some of the most neutron-rich
light nuclei have density distributions that extend far
beyond the nuclear core. For example, the spatial extent
of "Li with 3 protons is similar to that of 208Pb with 82
protons. Such neutron “halos” have now been found in
nuclei as heavy as 1°C. Nuclei with two neutrons in their
halos (such as 11Li and 12Be) have provided insight into a
new topology with a so-called “Borromean” property,
where the two-body subsystems of the stable three-body
system are all unstable. As illustrated in Figure 2.13,
recently developed techniques have begun to probe the
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wave functions of the ground state and excited levels in

these halo nuclei.

The weak binding inherent in nuclei at the drip lines is
likely to have a profound influence on all nuclear properties.
The underlying shell structure, which responds to the pres-
ence of weakly bound states and diffuse matter, is signifi-
cantly affected. In addition to changes in the radial behavior
of the potential binding the nucleons together, the spin-
orbit force, which is crucially important for the determina-
tion of the magic shell closures, is expected to decrease near
the neutron drip line. Recent calculations suggest that the
neutron-level structure may be significantly modified near
the drip line, leading to new magic numbers. Indeed, in the
limited region of neutron-rich nuclei accessible to date, a
weakening of the N = 8, 20, and 28 shell closures and a
reordering of orbitals have been observed, while N = 16 has
emerged as a new shell gap. As noted above, the low bind-
ing energy of the outermost neutrons leads to extended and
diffuse neutron distributions (halos or skins). In these
regions of weak binding, pairing forces are expected to take
on increased importance, as the continuum of unbound

states is available for pair scattering. Other forms of nucle-
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Figure 2.13. Nuclear halos. These results illustrate an example of
a "knock-out” reaction as a means for studying neutron-rich
“halo” nuclei. A high-energy halo nucleus, in this case '9C, strikes
a target, losing a neutron. Events that populate the ground state
of 18C are then selected. The shape of the recorded events, plot-
ted as a function of momentum, is sensitive to the angular momen-
tum of the removed neutron. In this example, the data clearly
favor zero angular momentum. In this way, detailed information on
the wave functions of the halo neutrons can be extracted.



onic correlations or aggregations may develop within a neu-
tron skin. In short, strong pairing, quenched shell structure,
and differences in proton and neutron density distributions
will likely affect every nuclear property, and even the con-
cept of single-particle motion in the nucleus, the corner-
stone of most models of low-energy nuclear structure, may

lose its validity.

Within the next five years, we are likely to establish the
limits of existence for neutron-rich nuclei for all elements
lighter than sulfur (Z = 16). This will double the number of
elements for which the neutron drip line has been deter-
mined experimentally and will thus end the long quest to
advance beyond oxygen. Measurements of nuclear masses
away from stability will then take center stage, as they will
serve as the first stringent tests of relevant nuclear models
and provide indications of new regions of collectivity or of
new shell closures. Measurements of the properties of the
first few excited states will soon follow, as will searches for
extended nuclear halo systems (some possibly possessing
more than two valence neutrons), together with experi-
ments aimed at finding predicted new modes of collective

excitation, such as the soft dipole resonance mode.

The long-term future in the study of neutron-rich nuclei is
again linked to the availability of RTA. With this facility, the
limits of nuclear existence will be determined for elements up
to manganese (Z = 25) and, depending on the exact location of
the neutron drip line, perhaps all the way to zirconium (Z =
40). For heavier nuclei, RIA will establish nuclear existence
and binding along isotopic chains 10 to 20 neutrons beyond
the heaviest nucleus identified to date. This will provide the
stringent constraints required for more accurate predictions
and for extrapolations of the neutron drip line. With its
extended reach for neutron-rich exotic beams, RIA will also
determine fundamental nuclear properties such as mass,
radius, and shape, providing additional experimental signa-
tures for testing theoretical descriptions of neutron-rich
nuclei. It will also offer the opportunity to probe such
nuclei along the path of the astrophysical r-process.

The intensities to be provided by RIA ensure that halo
nuclei in the vicinity of the drip line will be accessible to
experiment, not only up to mass A ~ 50, where first theo-
retical predictions exist (34Ne, 42Mg, 4446Sj, . . .), but also
for nuclei with masses closer to 100, where the presence of
such structures is a subject of much theoretical debate.

RIA beams will also provide the necessary tools to study
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nuclei with exotic topologies. For example, the onset of the
skin and its dependence on neutron number, as well as
structural evolution, single-particle structure, and collec-
tive modes, will be investigated by studying a small number
of selected isotopic chains that encompass large differences
in N/Z ratios. The nuclei in the zinc, krypton, or zirconium
chains are good candidates for such studies. At RIA, nuclei
as neutron-rich as 99Zn, 198Kr, and 122Zr (with 20, 22, and
24 neutrons more than the heaviest stable isotopes in the
respective chains) will be available at rates of 0.01 s-1, where

experiments have already been proved feasible.

To accurately evaluate possible alterations to shell struc-
ture, it is important to determine such structure in the first
place. Current knowledge is based mostly on the single-par-
ticle levels of a few nuclei near good closed shells—for exam-
ple, 208Pb. We now have a unique opportunity to improve
on this situation, especially in the neutron-rich sector. Beams
of the neutron-rich, doubly-magic 132Sn nucleus are just
becoming available and will be produced copiously at RIA.
Usable beams of the recently discovered doubly-magic 78Ni,
the semiclosed-shell nucleus 6°Ca, and their neighbors will
also be produced at RIA —yielding essential information
about single-particle states, the occupation of these states by

nucleons, and the interactions among these nucleons.

The heaviest elements. Investigations of the heaviest
nuclei probe the role of the Coulomb force and its interplay
with quantal shell effects in determining the boundaries of the
nuclear landscape. The discovery of new elements with Z =
110-112 during the last decade, where alpha-decay chains link
the new isotopes to known nuclei, thus assuring correct ele-
ment identification, has been augmented recently by the tenta-
tive production of even heavier elements. In these instances,
assignments are at present less certain, because the new decay
sequences end in as-yet-unknown nuclei, and the customary

confirmation experiments have not yet been carried out.

By coupling Gammasphere, the most powerful
gamma-ray spectrometer, with a recoil separator capable
of detecting weak reaction products, spectral information
has been obtained for the first time for an element with Z
> 100. The observation of a rotational band in 254No (see
“Spinning Heavy Elements,” page 40) confirms the pre-
diction that this nucleus is considerably deformed.
Calorimetry data also demonstrate the remarkable stabil-
ity of such heavy, fissile nuclei in the presence of sizable

angular momenta.



Spinning Heavy Elements

If nuclei behaved like two-fluid proton-neutron
droplets, elements with atomic numbers greater than, say,
Z =100 would not exist, since the strong Coulomb repul-
sion would result in instantaneous fission. But “super-
heavy” elements with atomic numbers as high as 112 have
already been synthesized, and their relative stability is a
striking example of nuclear shell structure, which pro-
vides the additional binding energy needed to overcome
the disruptive Coulomb force. Modern nuclear structure
calculations —such as the one reflected in the figure to the
right—not only predict which combinations of protons
and neutrons can be made into heavy nuclei, but also
indicate that stability arises in specific cases from the abil-

ity of the nucleus to deform.

Experimental confirmation of the role of deformation
in a heavy nucleus was recently obtained for 254No, a
nucleus with 102 protons and 152 neutrons (open circle
in the figure). The measured spectrum of gamma rays,
almost equally spaced in energy (see spectrum, below
left), corresponds to a cascade of transitions characteristic
of the rotation of a deformed nucleus, as depicted in the
schematic to the right of the spectrum. From the precise
energy differences between successive states, it was inferred
that 254No has a football-like shape with an axis ratio of
4:3, in agreement with theory (3, ~ 0.3). The fact that
states with up to 20 units of angular momentum were
detected underscores the remarkable resilience of the

shell effects against centrifugal force and fission.

The success of this measurement is due to the combined
use of Gammasphere, a powerful array of gamma-ray

detectors, and the Argonne Fragment Mass Analyzer, a
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device designed to separate and detect heavy reaction prod-
ucts. The simultaneous operation of the two instruments
proved essential in detecting the weak signals of interest, as the
nuclear reaction producing 254No is some ten thousand times

less likely than other reactions occurring at the same time.
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Stability from deformation. The colors in this plot indicate the
degree of deformation, as measured by the quadrupole deforma-
tion 3, predicted by a theoretical model labeled as HF + SLy4.
The larger the value of 35, the greater the prolate deformation of
the nucleus. The open circle shows the location of 254No.
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Much progress in this field can be expected in the next
five years. New experiments on elements above Z = 112
have already begun, using stable beams. In the more distant
future, intense, exotic beams from RIA will complement
and extend the present stable-beam program in at least two
ways. First, they will help delineate the center of shell stabi-
lization in superheavy nuclei through the formation of
many new, neutron-rich isotopes. And second, RIA will
make a significant contribution to the firm identification of
the new superheavy elements created in fusion reactions
with stable beams, since neutron-rich beams will allow the
formation and study of many of the unknown members of

the decay chains mentioned above.

Probing the Nuclear Equation of State

The equation of state (EOS), that is, the dependence of
the internal pressure on density and temperature, is funda-
mental to the description of any fluid. The search for the
nuclear EOS is motivated by aspects unique to the physics
of the nucleus, especially the fact that it can be viewed as a
two-fluid quantal droplet. Small-amplitude vibrations of
the nucleus correspond to nearly harmonic density oscilla-
tions about the equilibrium density p, U0.16 nucleons fm-.
For density variations close to g, the nuclear EOS has been
explored by exciting the nuclear giant resonances (that is,
high-frequency nuclear vibrations). Recently, studies of
these giant resonances have considerably narrowed the
experimental range of nuclear incompressibility, and
through such studies, new information has emerged pertain-
ing to the radii of neutron distributions in nuclei. However,
large uncertainties still exist for much larger density varia-
tions, where new phenomena occur and where new experi-

mental techniques are needed to understand them.

The behavior of nuclei undergoing large oscillations in
shape depends on how the nuclei respond to changes in
their density and on the effects of differences in neutron and
proton numbers (isospin asymmetry). For nuclei in a low-
density regime, there is a critical temperature where two
phases, liquid and gaseous, appear simultaneously. As the
system enters this region in a collision between heavy ions,
it becomes mechanically unstable and breaks up into liquid
droplets embedded in a vapor. The very coexistence of the
liquid and gas phases implies the formation of clusters for

which important scaling laws have now been proposed
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(see “Nuclear Phases,” pages 34-35). These laws success-
fully describe available data on the yields of various isotopes
and on the numbers of fragments produced in these colli-
sions, as functions of the difference in the numbers of protons
and neutrons in the colliding systems. The quantitative
relationship between the scaling law parameters and the

EOS at low density is a subject of great current interest.

The compressibility of nuclear matter in the high-density
regime is an important quantity that strongly influences the
structure of neutron stars, their stability against gravitational
collapse, their production during supernovae explosions,
and their manner of cooling afterwards (see also pages
57-61). Studies of the compression and expansion of
nuclear matter in energetic nucleus-nucleus collisions have
recently provided significant constraints on the EOS at high
density in systems with equal numbers of protons and neu-
trons. However, comparable experimental constraints do
not yet exist for the isospin dependence of the EOS, which
is a critical ingredient for calculating the density profiles of
neutron stars and the pressures supporting them against
gravitational collapse. Although studies of this isospin
dependence are still in their infancy, they are poised for
rapid growth, as the required range of projectile-target com-
binations will be available with the intermediate-energy,

exotic proton- and neutron-rich beams at RIA.

Qutlook

Since the 1996 long-range plan, all areas of nuclear
structure research have witnessed major theoretical and
experimental advances. These include areas related to the
understanding of single-particle and collective modes and
their interplay at low and high spin, the description of struc-
tural evolution with proton and neutron number, the delin-
eation of the limits of nuclear existence, the unraveling of
the properties and topologies of exotic nuclei, and the inves-
tigation of nuclear matter under density oscillations. As
underscored in this section, however, while much has been
learned about the atomic nucleus, crucial questions remain.
To address these questions fully, a number of new initiatives

are essential.

The nuclear science community has identified the Rare
Isotope Accelerator as its highest priority for major new
construction. This is a major initiative: RIA will become

one of the cornerstones of nuclear science in the U.S. It will



have a dramatic impact on several subfields of nuclear sci-
ence, but its effect on nuclear structure studies will be
extraordinary. This bold new concept will define and map
the limits of nuclear existence; make possible the explo-
ration of the exotic quantal systems that inhabit these
boundaries; and isolate, amplify, or reveal new phenomena,
new types of nucleonic aggregations, and key interactions in
ways that stable beams cannot. RIA will provide new foun-
dations for the understanding of nuclei. It offers the prom-
ise to guide the development of a unified theory of the
nucleus in which both the familiar properties and excitation
modes of the nuclei at or near stability and the exotic struc-
tures far from stability may be encompassed in a single the-

oretical framework.

RIA is a project of such a scale that it is likely to operate
toward the end or after the period covered by this Plan
(fiscal years 2002-12). However, because of its importance
to the future of the field, its influence will be felt immedi-
ately. For a timely start of construction, it is essential that the
necessary technical developments be carried out expeditiously
during the coming years. Itis also necessary to develop the
theoretical concepts and the experimental techniques required
to fully realize the discovery potential of RIA. Most impor-
tantly, the scientific community that will use RIA must be

nurtured at universities and national laboratories.

In the short term, the keys to progress in understanding
nuclear structure are linked to the continued, vigorous
exploitation of existing stable-beam facilities and of the
first-generation exotic-beam facilities that are just now
coming on-line. These facilities are critical to the pursuit of
current exciting initiatives and promising physics themes.
Stable and exotic beams are essential for the training of
young scientists who will work in this field now and at RIA
in the future, and who will meet national needs in high-
technology areas such as medicine, stockpile stewardship,
and energy production. Vigorous exploitation of these
facilities requires funding at a level necessary to operate effi-
ciently. While every effort must be made by the laboratories

and universities to maximize productivity, it is clear that
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funding is currently inadequate to fully operate these very
cost-effective facilities. The Facilities Initiative, which

addresses this issue, is an essential component of this Plan.

Instrumentation is an area where new developments will
enhance ongoing scientific productivity and pave the way for
RIA. The success of Gammasphere has demonstrated that
state-of-the-art instrumentation has a dramatic effect on the
rate of scientific progress. New instrumentation initiatives
should be encouraged, including but not limited to a 477
Gamma-Ray Tracking Array, presented as part of this Plan.

Equally important to the vitality of nuclear structure
research is increased support for theoretical investigations.
The development of new concepts and methods is essential as
an inspiration for the experimental program and for the inter-
pretation of the fascinating and unexpected observations that
will surely emerge. Exceptional progress has been made in
recent years with very limited resources, both human and fis-
cal, thanks to radically new approaches and to the power of
modern computing techniques. To take full advantage of the
exciting science opportunities, especially in the context of
RIA, a theory initiative is needed. A number of excellent sug-
gestions to strengthen the nuclear structure theory program
have been put forth. They are presented in the Nuclear
Theory Initiative and the Large-Scale Computing Initiative.

This section has discussed the most basic question facing
nuclear scientists: What is the structure of the nucleus?
While many facets of the nucleus have been uncovered,
much remains to be done, and the pace of discovery is rapid.
For this reason, a coordinated framework for nuclear science
research in the U.S. must maintain a vigorous program in
this fundamental area. The 1996 long-range plan challenged
the nuclear science community to develop a cost-effective
proposal for an exotic-beam accelerator. The RIA concept
not only meets this challenge, but also exceeds the perform-
ance expectations set at that time. RIA will provide the U.S.
with the opportunity to assume a leadership role in nuclear
structure physics for the coming decades. With RIA, the

outlook for nuclear structure research is indeed a bright one.



QCD at High Energy Densities:

Exploring the Nature of
Hot Nuclear Matter

Overview: In Pursuit of the
Quark-Gluon Plasma

One of the fundamental tasks of modern nuclear physics
is to understand the structure of the vacuum and the long-
distance behavior of the strong interaction, one of the four
basic interactions of nature. Quantum chromodynamics
(QCD) is the current theory of the strong interaction in the
context of the Standard Model of particle physics. However,
many of the primary features of our universe are not easily
understood from the form and symmetries of the Standard
Model. In fact, a rather startling view of the vacuum arises
when one examines the long-distance behavior of QCD.
The vacuum —rather than being empty —is composed of a
quark condensate that fills all of space, breaking the symme-
tries of the Standard Model and giving rise to the large masses
of hadrons as compared with the light quarks (see “Chiral
Symmetry, Mass, and the Vacuum,” pages 46—47). Itisa
remarkable fact that the proton, made primarily of three
light quarks, has a mass two orders of magnitude larger than

its quark constituents; most of the proton’s mass comes

Figure 2.14. The phases of QCD. The
QCD phase diagram, with baryon den-

from its coupling to the quark condensate that fills the
QCD vacuum.

Can we change the properties of the vacuum experimen-
tally? Lattice QCD calculations argue that this is possible.
When the vacuum “melts” at temperatures exceeding 170
MeV, the underlying symmetries of QCD will be restored. At
these temperatures, matter should behave as a plasma of nearly
massless quarks and gluons—the quark-gluon plasma, a state
that existed in the first few microseconds after the Big Bang.

The vacuum, and in fact any system of quarks and gluons,
is likely to have a complex phase structure, similar to that of
many other bulk materials. The QCD phase diagram, as

envisioned in current theory, is shown in Figure 2.14. The
phase structure of the vacuum state is along the vertical axis

where the baryon density is zero. There are actually two
related phase transitions. The first is that of deconfinement,
in which the quarks and gluons become free of their bondage
in baryons and mesons. The second is that of chiral sym-
metry restoration, in which the masses of the quarks are
reduced to their bare quark values. At temperatures above
the chiral phase transition, the sum of the masses of the three
quarks that make up the proton would be very small. Itis
still an open question as to whether these two phase transi-
tions occur under exactly the same conditions of pressure

and temperature.

The collisions of heavy ions produce matter with a range
of energy densities and baryon densities corresponding to

the two axes of the phase diagram in Figure 2.14. We expect

sity as the abscissa and temperature
as the ordinate. The red band indi-
cates the range of temperatures and
baryon densities at which phase tran-
sitions (both chiral and deconfine-
ment) are thought to occur. The vac-
uum is the region near the y-axis,
with a net baryon density near zero.
Trajectories are also shown for sys-
tems created at the AGS and SPS,
with center-of-mass energies of
approximately 4-20 GeV per nucleon
pair, and at RHIC, with a center-of-
mass energy of 200 GeV per nucleon
pair. The region of cold, high-density
color-superconducting matter is
shown to the far right.
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both the deconfinement phase transition, and the chiral
phase transition to occur in regions of either high energy
density or high baryon density. Theoretical calculations on
the lattice predict the location of the phase transition at low
baryon densities to be at about 1 GeV fm=3, or 170 MeV, as
mentioned above. Theoretical calculations for nonzero
baryon densities are much less certain, and only general esti-
mates can be made. In experiments at lower energies, nuclei
collide and essentially stop, producing systems of high
baryon density. At the much higher energies provided by
colliders such as RHIG, the nuclei pass through each other
leaving behind high-energy-density debris with almost zero
baryon density —essentially a highly heated vacuum.

In the context of this general picture, we have posed a

number of fundamental questions:

e In relativistic heavy-ion collisions, how do the created
systems evolve? Does the matter approach thermal
equilibrium? What are the initial temperatures

achieved?

¢ Can signatures of the deconfinement phase transition
be located as the hot matter produced in relativistic
heavy-ion collisions cools? What is the origin of

confinement?

e What are the properties of the QCD vacuum and
what are its connections to the masses of the
hadrons? What is the origin of chiral symmetry
breaking?

o What are the properties of matter at the highest energy
densities? Is the basic idea that this is best described
using fundamental quarks and gluons correct?

Achievements in relativistic heavy-ion physics. As implied
in these questions, we are seeking to uncover many of the
secrets of QCD with relativistic heavy-ion collisions (see
“Anatomy of a Heavy-Ion Collision,” pages 48—49). The U.S.
program in relativistic heavy-ion physics, until recently based
on fixed-target machines, has a long history. The first such
machine was Berkeley Lab’s Bevalac, which operated with a
center-of-mass energy of about 2.5 GeV per nucleon pair.
This was followed by the AGS at Brookhaven (~5 GeV per
nucleon pair) and the SPS at CERN (~20 GeV per nucleon
pair), where a substantial contingent of U.S. nuclear scientists
collaborated. A new frontier has now been opened at RHIC,
a colliding-beam machine with a center-of-mass energy up to

200 GeV, producing matter in a regime where lattice calcula-
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tions are expected to be reliable. QCD has yielded its secrets
grudgingly. Even in the perturbative regime where theoretical
calculations are straightforward, the physics community did
not immediately accept experimental evidence for gluons. A
number of expected signals for the formation of the quark-
gluon plasma have been observed in fixed-target experiments
at CERN (and some at the AGS), but the evidence is not
unambiguous. RHIC, with its broad range of accessible phe-
nomena, can be expected to resolve many of these uncertain-
ties—and indeed, early findings are tantalizing. But the flow

of results has just begun, and conclusions are still tentative.

The most important recent achievements pertinent to the

questions raised above include the following:

e Studies of particle abundances and spectra—as well as
Bose-Einstein correlations, which give information
about the space-time evolution of the collision—indi-
cate that, in a nucleus-nucleus collision, the system
undergoes rapid expansion and is close to both chem-
ical and thermal equilibrium. Thermal equilibrium is
thought to be reached very rapidly, but standard
hadronic cross sections have difficulty accounting for
the rapid rate at which this thermalization occurs.
However, interaction cross sections arising from col-
ored quarks and gluons are expected to be larger and

could be driving this rapid thermalization.

® A state of matter in which quarks and gluons are
mobile is expected to show a strong enhancement of
strangeness production, particularly antistrange par-
ticles whose yield would ordinarily be suppressed by
their relatively large masses. Experiments at CERN
have seen enhanced strange antibaryon production,
with increasing enhancement for each additional
unit of strangeness. Recently, a similar strangeness
enhancement has also been observed at RHIC.
Experiments at the AGS, which have been able to
detect only the A, have seen a strong enhancement in
the A -to-p ratio.

® In 1985 charmonium (cc) production was suggested as a
probe of a deconfined medium created in relativistic
heavy-ion collisions. Quarks and gluons in the medium
would screen the strong interaction between charm
and anticharm quarks and thus cause the (c¢) pair cre-
ated by hard nucleon-nucleon scatterings to “melt.”
This occurrence depends on the energy density of the

medium and the species of charmonium being consid-



ered, with the less tightly bound x and ¢ "states
breaking up at lower energy densities than the J/.
Just such a trend has been observed in experiments at
CERN. However, uncertainties remain in the inter-
pretation, because it is difficult to separate the contri-
bution of charmonium suppression from other

processes that produce similar effects.

Signatures that may be interpreted as evidence of chiral
symmetry restoration have also been seen. At CERN,
excess electron-pair yields have been observed at
invariant masses between 200 and 800 MeV, which
can be explained as a mass shift of the p meson due to
the onset of chiral symmetry restoration. Competing
interpretations of the data as arising from collision-

induced resonance broadening are also possible.

Beginning in the summer of 2000, the first data were
collected at RHIC in a run lasting three months,
during which the machine reached 10% of its design
luminosity, as planned. The center-of-mass energy
during this run was 130 GeV per nucleon pair in
gold-gold collisions. About 107 events were collected
among the four RHIC detectors (see Figure 2.15 and
“First Results at RHIC,” pages 50-51). Much of this
data has now been analyzed and published. During
the fall of 2001, the full design luminosity was
achieved, at the full energy of 200 GeV per nucleon

pair, and 50-100 times as many events were collected.

The multiplicity and transverse energy of particles
produced in collisions at RHIC have been measured.
These measurements provide an estimate of the energy
density achieved, which was at least 20 times that of
nuclear matter. The multiplicity was also measured
as a function of the number of nucleons participating
in the interactions. This provides a probe of the ini-
tial conditions for the collisions, which are believed
to be a very high density of coherent gluon fields.

One of the early, unexpected results at RHIC was the
strong elliptic flow signal seen at relatively high
momenta. Flow is a measure of the degree to which a
group of particles moves collectively. Collective
behavior can occur only if there is a strong degree of
thermal equilibration. A strong elliptic flow indi-
cates that this equilibration developed at very early
times when the pressure was very large. Such an
early thermalization, combined with the measured
transverse energy, implies an energy density substan-
tially higher than that required for the phase transi-

tion, as indicated by theoretical lattice calculations.

The emission of hadrons with high transverse momenta
is expected to be suppressed in a quark-gluon plasma,
owing to the energy loss of partons. Such an effect
was not observed in lower-energy collisions at CERN.
Indeed, the opposite was found. However, at RHIC,
the yield of high-transverse-momentum hadrons,

measured in central nucleus-nucleus collisions, was

Figure 2.15. Golden glow. A central gold-gold event as seen in the STAR detector at RHIC. The
side view and end view of the time-projection chamber are shown. Each colored radial line ema-
nating from the center corresponds to the track of a particle produced in the collision. Such a
central collision typically produces about 6000 particles.



substantially reduced as compared with that from

ordinary proton-proton collisions.

* A major theoretical advance has also been made in a
very different region of the phase diagram. In the
very dense but very cold environment at the far right
of Figure 2.14, quark matter is predicted to display
many characteristics more familiar to a condensed-
matter physicist than to a plasma physicist: Cooper
pairs form, and the quark matter becomes a color
superconductor, characterized by Meissner effects
and gaps at the quark Fermi surfaces. Such cold quark

matter may exist in the centers of neutron stars.

The years ahead: The RHIC era. Fixed-target experiments
have clearly shown that heavy-ion collisions create high
energy and high baryon densities. The density of hadrons is
so large that there is simply not enough room for them to
coexist as a superposition of ordinary hadrons. The observed
signatures are not readily explainable by standard hadronic
models. Itis also clear that a great deal remains to be done in

the energy regime accessible at the SPS. For example, a new

experiment (NA60) is now under construction at CERN to
measure the charm-production cross section, necessary to

clarify the interpretation of the dilepton results.

In addition, we hope it will become possible to use astro-
physical observations of neutron stars to learn more about
the region of the QCD phase diagram occupied by dense,
cold quark matter. Ultimately, information from astrophys-
ical observations, data from the lower-energy experiments,
and data on the hot quark-gluon plasma to be gained from
experiments at RHIC must be pieced together into a coher-

ent, unified phase diagram for QCD.

Notwithstanding the continuing promise of fixed-target
experiments and astrophysical observations, the completion
of RHIC at Brookhaven has ushered in a new era. Studies
are now possible of the most basic interactions predicted by
QCD in bulk nuclear matter at temperatures and densities
great enough to excite the expected phase transition to a
quark-gluon plasma. As the RHIC program matures, exper-
iments will provide a unique window into the hot QCD vac-

uum, with opportunities for fundamental advances in the

Chiral Symmetry, Mass, and the Vacuum

Chiral symmetry is the symmetry between right-and left-
handed objects, that is, between things that rotate clockwise
and things that rotate counterclockwise. Physicists believe
that the underlying rules governing the strong interaction is
left-right—that is, chirally —symmetric. (The strong inter-
action is the force responsible for binding the atomic nucleus
together.) The handedness of a particle is defined by the
direction of the spin relative to the direction of motion. If
one looks along a particle’s direction of travel, a clockwise
spin is defined as right-handed, a counterclockwise spin as
left-handed. The flaw in this definition is that one can
transform the coordinate system and change the definition
of the spin, even while the intrinsic characteristics of the
particle remain unaltered. Imagine an observer moving
faster than the particle itself. He would see a “right-handed”
particle moving in the opposite direction and would thus
believe the particle to be left-handed.

In this case, it would be possible to change a right-left
symmetric universe, one where half the particles are left-

handed and half right-handed, into a universe in which all
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particles are right-handed —provided only that one had a
very fast rocket ship. This would then spoil the chiral sym-
metry. How might this situation be avoided, so as to pre-
serve chiral symmetry? One possibility is for all particles to
be massless. It turns out that all massless particles move at
the speed of light. Since nothing can move faster than the
speed of light, no spin-redefining transformation is possible,
and thus a universe of massless particles would be chirally
symmetric. But of course, this doesn’t match the universe

that we see. Where then does mass come from?

Physicists believe that particles are, in their basic nature,
massless and that they acquire mass through their interac-
tions with the vacuum. This is the process of chiral symme-
try breaking. QCD has the property that the lowest energy
state is not empty space, but rather is a vacuum filled with a
“condensate,” which is itself composed of quarks. A com-
puter simulation of this condition is shown at right. In turn,
the interactions of quarks with this quark condensate con-
spire to make the quarks behave as if they have mass. This
state of the universe depends on the temperature. If the



understanding of quark confinement, chiral symmetry break-
ing, and, very possibly, new and unexpected phenomena in

the realm of nuclear matter at the highest densities.

By colliding beams of ions from protons to gold, with cen-
ter-of-mass energies from 20 to 200 GeV per nucleon pair,
RHIC will create conditions favorable for melting the normal
vacuum and creating states of matter unknown in the universe
since the Big Bang. With these unique capabilities, RHIC
addresses all of the fundamental questions posed on page 44.
The U.S. thus now possesses the premier laboratory in which
to study these questions. Itis likely that an initial understand-
ing of high-density QCD matter and its associated phase tran-
sitions will be achieved in the next several years. However,

much will remain to be done after these initial discoveries.

By their very nature, phase transitions introduce a host
of unusual phenomena—{for example, critical phenomena
leading to the formation of large-scale fluctuations. In addi-
tion, since there are actually two phase transitions, the chiral
transition and the deconfinement transition, a great deal will

remain to be understood about the relationship between the

temperature is high, as in the early universe—or in a rela-
tivistic heavy-ion collision— the vacuum state is such that

the quarks once again exhibit their massless nature.

Although this seems to contradict the natural belief that

space is empty, this is, in fact, an integral part of the

Standard Model of particle physics—a model that has
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two. Furthermore, new puzzles will undoubtedly present
themselves as we begin to understand more about the bulk
behavior of QCD.

The following paragraphs discuss in more detail some of
the opportunities that lie ahead.

Mimicking the Big Bang: Thermalization
and Equilibration

The highly compressed, then rapidly expanding, nuclear
matter created at RHIC, which has many of the characteris-
tics of the early universe shortly after the Big Bang, is the
system now available for answering the questions on page
44. Among them are questions of thermalization and equi-
libration: How do the systems created in these collisions
evolve? Does the matter approach thermal equilibrium?
What are the initial temperatures achieved? Experiments
will probe these questions by focusing on hadrons—on sin-

gle-particle distributions and on correlations among parti-

proved remarkably successful. Relativistic heavy-ion colli-
sions offer the possibility of observing the effects of the vac-
uum directly, by heating it up and changing its
characteristics, that is, by “melting” the vacuum.

Simulating the vacuum. According to the Standard Model, all
space is filled with the QCD condensate. The interaction of parti-
cles with this background condensate gives rise to most of the
mass that makes up “ordinary” hadronic matter. The computer
simulation shown here is a snapshot of the gluon field that binds
quarks together to make up particles such as protons and neu-
trons. The red color indicates areas of intense “action” in the
gluon field, associated with winding of the field lines. The green
and blue colors correspond to weaker gluon field strengths.
Image courtesy of D. B. Leinweber, CSSM, University of Adelaide.



Anatomy of a Heavy-lon Collision

Relativistic heavy-ion collisions, such as those produced
by Brookhaven’s RHIC, provide physicists a chance to
study very hot, dense matter similar to that which existed a
few microseconds after the Big Bang. In a typical gold-gold
collision, when viewed in the laboratory frame, the two
nuclei initially appear as flat pancakes—a result of relativis-
tic contraction (see the figure below). In the early preequi-
librium phase, many “hard” collisions occur between the
quarks and gluons of the nuclei, producing thousands of
other quarks and gluons in an enormous cascade. The next
stage of the collision is the one of primary interest. These
secondary quarks and gluons equilibrate into a hot cauldron
of matter, the quark-gluon plasma. Because of the low
number of baryons (protons, neutrons, and their kin), this

plasma is essentially a high-temperature vacuum. In the
final stages, the plasma cools and condenses into ordinary

particles, which are then seen by the detectors.

Head-on “central” collisions are the most violent sort,
producing the largest number of “participants” and the
largest volume of hot matter. More glancing “peripheral”
collisions produce little, if any, hot matter, as suggested in
the figure to the near right. However, these peripheral
collisions are particularly important, since they can be
used for comparison. The centrality of a collision can be

monitored by detecting the cold “spectator” material.

In all these collisions, one of the most important questions is,
How can one see if a plasma is made? One probe is provided by

Quark-gluon plasma

Initial state Preequilibrium

% d

T

and
hydrodynamic

Hadronic phase

Hadronization
and freeze-out

A Little Bang. Relativistic heavy-ion collisions replicate in the laboratory some of the conditions thought
to exist a few microseconds after the Big Bang. In the schematic illustration here, two gold nuclei give
rise to thousands of other quarks and gluons, which then equilibrate into a hot cauldron of matter, the
quark-gluon plasma. As this plasma coals, it condenses into the ordinary particles seen by the detectors.

cles—and by detecting penetrating probes, which interact
only electromagnetically and therefore escape the dense sys-
tem relatively unperturbed. Theory, aimed at matching
models and experimental data, will be crucial in understand-

ing these measurements.

Extensive studies of lower-energy heavy-ion collisions, at
the AGS and at CERN’s SPS, have shown that the analysis of
the distributions and correlations of soft hadrons yields the
temperature and dynamics at the time the hadrons cease to
interact, or “freeze out.” The space-time evolution thus
measured is crucial to understanding the collision dynamics,
and it lends confidence to back-extrapolations to the early,
hottest phase of the collision. Systematic study of the condi-
tions under which the hadrons freeze out, as a function of ini-
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tial temperature and collision volume, will help separate sig-
natures of new physics from the underlying hadronic

processes.

Momentum and flavor distributions of the hadrons pro-
vide information on the degree of thermal and chemical equi-
libration when the colliding system becomes dilute enough
that hadronic strong interactions cease. When combined
with other experimental information, such as thermal radia-
tion, the space-time evolution of the entire collision can be
inferred. Animportant goal at RHIC will be to determine
whether equilibration occurs early in the collision, or only
later, in the cooler hadronic phase. The complementary capa-
bilities of the suite of RHIC detectors will be invaluable for

this study, since they will allow us to combine measurements



high-momentum particles. In the preequilibrium phase of the
collision, some of the quarks acquire a very large momentum
and thus appear as “jets” of particles. About half of the energy
is carried by a single leading particle, which yields information
about the momentum of the original quark as it left the colli-
sion region and before fragmenting into the particles that com-
pose the jet. Fast quarks can traverse a region of ordinary
hadronic matter with little hindrance (as illustrated schemati-
cally to the right); however, if the central hot region were a
quark-gluon plasma, the fast quark would lose a great deal of
energy, whereby the momentum of the leading particle would
be greatly reduced. This leads to a “softening” of the momen-
tum spectrum. Although it is too early to conclude thata

Spectators

Participants

Spectators

A glancing blow. Not all collisions are head-on, or “central,” col-
lisions; a “peripheral” collision is shown here. The centrality of a
collision can be determined experimentally by measuring the
number of “spectator” particles.

of hadronic observables, collective behavior reflecting
early conditions, and thermal emission of virtual and

real photons.

Early results from RHIC on some of these topics have
already indicated that the system freezes out at a lower
baryon density and at a somewhat higher temperature than
at the SPS or AGS. As already mentioned, flow measure-
ments indicate that the degree of thermalization is high;
hence, the concepts of temperature and pressure have mean-
ing in the system under study. More information will be

coming as physicists refine their measurements.

Real and virtual photons, materializing from quark-anti-

quark annihilations as electron or muon pairs, are radiated
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quark-gluon plasma has been seen at RHIC, preliminary
results of this sort suggest such a possibility and signify a spec-
tacular beginning to the RHIC scientific program (see also
“First Results at RHIC,” pages 50-51).

Hadronic matter

High-momentum quark

Quark-gluon

Quarks and jets. Jets arise from high-momentum quarks that
fragment into particles after they leave the collision region. If no
quark-gluon plasma has been formed, as in (a), the quark passes
though nuclear matter with little resistance. However, in the
presence of a quark-gluon plasma, as in (b), high-momentum
quarks lose a great deal of their initial energy, and the detected
particles in a jet have considerably less momentum.

from the hot, dense QCD matter. Although such radiation
is emitted at all times during the collision, for photons
above about 100 MeV, the reaction dynamics significantly
favors emission from the hottest part of the colliding sys-
tem. (Detectors at RHIC are not currently sensitive to very
low-energy photons.) Thus, measurements of the distribu-
tion of the black-body thermal radiation will yield the ini-
tial temperature. The background to such a signal is
formidable, however, since photons and electrons are copi-
ously produced from other sources as well, such as 7@ decay.
Upgraded detectors designed to reject such backgrounds
will be necessary in the future. Systematic analysis and
variation of the initial conditions will also be required to

solidify the interpretation.



First Results at RHIC

Construction began on RHIC in 1991 and was completed
at the end of 1999. The first data-taking run commenced
shortly thereafter. The second run, currently under way, is
scheduled to conclude in early 2002. The four RHIC detectors
were only partially instrumented for the first run but are now
substantially complete. STAR is a large-acceptance detector
built around a central time-projection chamber (TPC) in a
solenoidal magnetic field. Inside the TPC is a silicon vertex
tracker for detecting secondary vertices. The PHENIX detec-
tor is composed of four spectrometers optimized for detecting
and identifying electrons, muons, photons, and hadrons.
Multiple detector subsystems are used in the two central arms,
yielding good momentum resolution and particle identifica-
tion. Of particular note is redundancy in electron identifica-
tion capabilities, giving a total e/ Trejection of better than 10+
PHOBOS, one of two smaller detectors, is composed primari-
ly of silicon and is optimized for large event rates. The second
smaller detector, BRAHMS, specializes in measuring the frag-

mentation region of the collisions.

The early data have now been analyzed, and much has
already been learned. Prior to the start of the RHIC experi-
ments, very little was known about collisions of heavy ions at
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Nuclear flow. The figure plots elliptic flow v, (solid points) as a
function of centrality, defined as ngp,/ny.y, as measured by the
STAR detector. The open rectangles show a range of values
expected for v, in the hydrodynamic limit, scaled from &, the initial
space eccentricity of the overlap region. The lower edges corre-
spond to 0.19¢ and the upper edges to 0.25¢. The startling feature
of these data is that, for central events (ng,/nyax > 0.5), the flow
signal appears to be as strong as allowed by hydrodynamics,
implying an early equilibration of the system.
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very high energies; for instance, predictions of the number of
particles that would emerge from such a collision varied by a

factor of four. Among the early findings are the following:

® The particle density in the hottest region in central
gold-gold collisions was about a factor of two higher
than previously achieved at CERN. A measurement
of the transverse energy shows a similar result.
Furthermore the yield per participant was found to
increase with centrality, indicating the importance of
hard processes and multiple collisions, which,
assuming an early thermalization (as implied by the
strong flow signal), would lead to energy densities
greater than that required for the phase transition, as
indicated in QCD lattice calculations.

The azimuthal asymmetry of particle production in
peripheral and semicentral collisions, known as elliptic
flow, was found to be surprisingly large (as shown in
the figure at the left) —evidence of a high degree of
thermalization early in the collision, with a buildup of
high pressure followed by a violent explosion. The
magnitude of the flow agrees well with the predictions
of hydrodynamic model predictions for a wide range
of momenta and particle types. This important result
supports the thermalization hypothesis.

The antibaryon-to-baryon ratio was found to
approach unity, in contrast to previous measurements
at CERN, where the ratio was more than tenfold
smaller. Fits to a thermal model of various particle
yields lead to a very low baryo-chemical potential
(consistent with a high antibaryon-to-baryon ratio),
again substantially different from that observed at
CERN. While not entirely baryon-free, these meas-
urements indicate that at RHIC experiments are now
in a region where lattice calculations are reliable and
where the observed system should exhibit the charac-

teristics of a vacuum at high temperature.

® One of the most intriguing results from the first
run comes from a measurement of the transverse
momentum spectrum for neutral pions, shown in
the figure to the right. A fast-moving colored parton
(quark or gluon) is a useful probe of hot nuclear
matter. In normal nuclear matter, a quark would

experience only a small energy loss; hence, the



resulting jet would carry essentially all of the energy
originally imparted to the parton. In a quark-
gluon plasma, however, the deconfined color fields
would slow the parton down considerably; energy
losses can be as great as 10 GeV fm-!. This would
lead in turn to a reduced yield of high-momentum
particles—exactly the result observed at RHIC.
Whether this is a definitive signal of a quark-gluon
plasma, however, has not yet been determined.
Future data will provide more statistics and higher
transverse momenta, as well as proton-nucleus

data for comparison.

The interpretation of all these findings, in terms of
temperature, entropy production, and ultimately, the
existence of a phase transition, will take some time. Early
results on charmonium suppression, dilepton spectra, and
multistrange antibaryons will require data taken during
the 2001-02 run. In any case, this has been a spectacular
beginning for the RHIC experiments.
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Jet suppression. Plotted here as a function of transverse
momentum is the ratio of the measured yield of neutral pions in
nuclear collisions to the yield that would be expected based on
extrapolation from proton-proton collisions. Results are plotted
for gold-gold collisions at RHIC (lower data points) and for lead-
lead and lead-gold collisions at CERN at lower energies (broad
upper band). The colored bars around the RHIC data points
indicate the level of systematic error. The results are quali-
tatively different: At CERN energies, the yield at large trans-
verse momentum is enhanced, whereas at RHIC energies, it is
depleted. Such a depletion was predicted on the basis of the
expected energy loss of partons in a quark-gluon plasma. The
results, therefore, provide intriguing indications that this state
may have been formed in collisions at RHIC. Further experi-
ments will be needed to confirm this interpretation.
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A second suite of unanswered questions is tied to the
phenomenon of deconfinement. For example, Can signa-
tures of the deconfinement phase transition be located in the
cooling debris of relativistic heavy-ion collisions? And
what is the origin of confinement? The fundamental degrees
of freedom in QCD are quarks and gluons. However, free
quarks and gluons have never been observed, and the physi-
cal spectrum of particles contains only hadrons—“color-
less” bound states of quarks, antiquarks, and gluons. The
origin of this “confinement” is linked to the properties of
the vacuum. Numerical calculations on the space-time lat-
tice have shown that, at high temperatures and densities, the
vacuum structure of QCD may “melt,” leading to a novel
form of QCD matter in which quarks and gluons move
freely —the quark-gluon plasma. Further progress in the
theory, including both new analytical methods and improved
simulations on the lattice, is imperative to confirm these
predictions. Heavy-ion collisions create a hot and dense
environment in which this transition may be induced
experimentally. Connecting observations from these
experiments to “signatures” of deconfinement is now a

prime goal of the field.

One such signature is the suppression of high-momen-
tum particles. Measurement of the hard-scattering
processes via high-transverse-momentum hadrons and
heavy-flavor distributions will indicate to what extent the
fast particles lose energy in the dense medium. This energy
loss results in energy transfer from fast particles to the
medium and thus drives thermalization. Furthermore, this
energy transfer multiplies the number of gluons and drives
particle production, increasing the density of the medium
further. In fact, some theoretical models predict that matter
may reach the stage of gluon saturation, in which case the
physics is determined by interactions in a dense gluon gas,
calculable using perturbative QCD, with subsequent
hydrodynamic expansion. Measured particle yields, spec-
tra, and correlations to transverse momenta of at least 10
GeV/care needed to determine whether such predictions
are correct. As noted earlier, RHIC may already have
revealed hints of this thermalization phenomenon in the 11°
and charged-hadron transverse momentum spectra. Further
measurements, in the second year of data-taking, have just
begun and should extend the spectra to a transverse momen-

tum of 10 GeV/c. In addition, important comparison data



will be taken in the coming years for proton-proton and

proton-nucleus collisions.

At higher luminosities, it will be possible to directly
measure the photons produced opposite the high-trans-
verse-momentum hadrons. Since these photons recoil
against the quark jets, and since they do not suffer energy
loss in the deconfined medium, they serve as indicators of
the initial transverse momenta of the jets. Such observations
will provide a means to make careful, quantitative measure-
ments of the energy loss. One interesting possibility is to
“flavor tag” the high-transverse-momentum hadrons. A
leading K~ with no valence quarks is more likely to come
from a gluon jet. This would allow us to measure the differ-
ence in the energy loss between gluon and quark jets.

Gluon jets are expected to lose energy at twice the rate of
quark jets in a deconfined medium. Later in the decade, the
LHC will be able to make similar measurements at 30 times
the center-of-mass energy available at RHIC, where the life-
time of the quark-gluon plasma is expected to be several
times longer and jet cross sections at high transverse

momentum are two to three orders of magnitude greater.

J/W suppression is another well-known proposed signa-
ture of deconfinement. RHIC will be able to measure J/(
production in both the muon and electron channels. One of
the crucial measurements that must accompany the measure-
ment of the J/¢ is that of open charm production. To make
this possible, specialized vertex detectors must be constructed,
with the position resolution needed to discriminate between
the charm vertex and the original event vertex. R&D pro-

grams focused on such an upgrade are under way.

The J/is but one of the vector mesons in the charm
family. The excited states of the J/i), as well as the Y family
(bound states of bb), should all exhibit some degree of sup-
pression. The suppression of the associated states, X, and
X.» can also be observed, since they decay to the detectable
vector mesons. Each of these states should melt at a differ-
ent temperature. In fact, the Y will be used as a control,
since it should not be suppressed at all at RHIC energies.

By varying the temperature and volume of the system by
means of changes in beam energy and species, we can change
the pattern of suppression of the various states. Not only
would this be a convincing signature of a phase transition,
but it would also give a good measure of the actual energy
density. This will require a higher luminosity than currently
available at RHIC, as in the proposal for RHIC II. In addi-
tion, when the LHC begins heavy-ion operation, the Y
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family will be produced and detected at rates two to five

time higher than at RHIC and will be easy to analyze.

Looking into the QCD Mirror:
Exploring Symmetries

Investigations of chiral symmetry breaking respond
directly to questions about the most fundamental properties
of the QCD vacuum and its connections to the masses of the
hadrons. The challenge for RHIC experiments is to search
for evidence of in-medium mass changes among the low-
mass vector mesons associated with the restoration of chiral
symmetry. Direct, in-medium measurements of the masses
of light vector mesons such as the p, wy and ¢ are possible,
since they decay rather rapidly within the fireball before
hadronization. The decay to di-electrons is particularly
interesting, since electrons should not be rescattered in the
medium, and their invariant mass should reflect the mass of
the vector meson in the altered vacuum state. Since some
fraction of the vector mesons decay outside the medium (in
the case of the w, some 70-80% do so), these can be used as a
calibration point for the measurement. The fraction exhibit-
ing a shifted mass should change as a function of the trans-
verse momentum and the size of the central fireball. This
shift would be a particularly dramatic signature of the
altered vacuum. Higher luminosities and improved detec-
tors will be needed to reject background for detection of the
0, the shortest lived, and hence the broadest, of the vector
mesons. Observation of the p will be important, since it
decays entirely within the fireball, and its spectrum may
yield a history of the thermal evolution of the system.

The presence of a phase transition is also expected to
cause inhomogeneities, which may survive the hadronic
phase as fluctuations in particle number and type.
Fluctuations and droplet formation are of particular interest,
since similar processes may account for much of the large-
scale structure of the universe and the inhomogeneities
observed in the cosmic microwave background. Several fluc-
tuations have been proposed as signatures of a phase transi-
tion. If the transition is first order, the growth of hadronic
droplets and the shrinking of quark-gluon droplets may
yield a lumpy final state and large fluctuations in particle
number. Different scenarios may lead to other signatures,
such as abnormal ratios of charged to neutral pions, or

enhancements of pions at low momenta. Experiments will



search for such phenomena and correlate their appearance

with other signatures of the quark-gluon plasma.

The theory of chiral symmetry breaking and restoration
is under active development. Progress requires the develop-
ment of new analytical tools and further advances in lattice
calculations. In order to investigate chiral symmetry on the
lattice, we must be able to perform calculations with realistic
quark masses. This places severe constraints on the size of
the lattice and requires new methods (for example, “domain

wall fermions”) and new and more powerful computers.

Weak interactions violate both parity (P) and combina-
tions of charge conjugation and parity (CP). By contrast, the
strong interactions appear experimentally to preserve both
of these symmetries under normal conditions. QCD as a the-
ory does not require this. Therefore, it would be of great
interest to learn whether CP-violating processes occur in the
strong interactions under extreme conditions of high tem-
perature and density. Theoretical progress in this area is
linked to the understanding of topological effects in gauge
theories at finite temperatures. This requires improvements
in both analytical tools and lattice simulations. Clever
experimental signatures have been devised for CP-violating
bulk phenomena in heavy-ion collisions at RHIC. In theory,
since CP is conserved in ordinary strong interactions, the
signature of the altered CP state should be preserved during
the evolution of the collision and may be quite distinct.

High-Density Matter

A final realm of investigation is the nature of matter at
the highest energy densities. The behavior of QCD at the
high-energy frontier is not yet understood theoretically.
The simplest and most fundamental questions are still
unanswered: Why do hadron cross sections rise at high
energies? How are particles produced? What is the wave
function of a high-energy hadron? RHIC will help find the
answers to such questions by providing detailed data on
particle production over a wide range of atomic numbers
and energies. Progress in understanding high-energy
behavior in QCD will, in turn, allow the reconstruction of
the initial conditions in heavy-ion collisions, a crucial pre-
requisite to theoretical descriptions of the entire process.
Such strides will require continuing development of theo-
retical tools, as well as large-scale, real-time Monte Carlo

numerical simulations.
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Gluonic interactions may be expected to dominate the
first few fm/c of RHIC collisions, immediately following
the initial nucleon-nucleon interactions as the nuclei pene-
trate one another. Gluon fusion processes dominate the
production of charm and bottom quarks at energies attain-
able at RHIC. Consequently, measurements of open
charm and bottom decays will likely be the most important
ways to study the gluon fields inside heavy nuclei and their
excitations in heavy-ion collisions. Of particular interest
are distributions at low x, where x is a measure of the
momentum fraction of a nucleon carried by an individual
quark or gluon. These measurements require greater lumi-
nosity and detector efficiency than is currently available at
RHIC. The RHIC I initiative addresses these two issues
and will lead to a 40-fold increase in luminosity. RHIC II
will be an invaluable tool to study the evolution of the
quark structure functions to small x inside heavy nuclei
(measurements of proton-nucleus collisions will yield this
information), as the parton distributions evolve during a

heavy-ion collision.

The dependence of the multiplicity upon the number of
nucleons participating in the collisions was measured in the
RHIC experiments. This dependence reflects the nature of
the initial distribution of gluon fields inside the colliding
nuclei. The early results provide support for a picture in
which these fields are very dense and highly coherent, and in
which the typical density scale of these fields inside nuclei is
significantly greater than that inside a single nucleon.

Nuclear shadowing is another important process in
understanding the initial stages of RHIC collisions. This
can be measured directly via Drell-Yan and other hard
processes in proton-nucleus collisions. Experiments must
measure, with sufficient statistics, the dimuon distributions
at high mass and the hadron spectra at high transverse
momentum (at or above 10 GeV/c) to determine the extent
of shadowing in kinematic regions accessible at RHIC. The
results feed back, of course, into understanding the initial
conditions in nucleus-nucleus collisions. However, they
also probe the gluon field properties directly. If the gluon
and quark densities can saturate, this will affect the gluon
distribution deep inside a heavy nucleus, as well as the
dynamics of the early stage of a heavy-ion collision.
Measuring the intrinsic transverse momentum of the quarks
within the nucleon via hard probes, and observing how this
depends on x, as well as the volume of dense matter, can

address the issue of saturation. All of these measurements



require the capabilities of RHIC II. The LHC should have
excellent capabilities to study this physics as well, since the
apparent density of low-x virtual gluons will almost cer-

tainly be at saturation there.

A future electron-ion collider will make significant con-
tributions to these measurements. Because of the Lorentz
contraction, the nucleus will effectively amplify the parton
densities seen by the incoming electron by a factor of the
thickness of the ion, ~A1/3. Hence, lower center-of-mass
energies are adequate for the observation of various phe-
nomena such as gluon saturation. (In technical terms, one is
able to reach thresholds for these interesting phenomena at
higher values of x, the fraction of the nucleon momentum

carried by the parton.)

Outlook

RHIC has just begun its task of uncovering the secrets
of QCD. The next few years will yield a wealth of new
information, and we have an outstanding opportunity to
revolutionize our understanding of matter at the highest
energy densities. Accordingly, the highest priority for the
relativistic heavy-ion community is to utilize RHIC to its
fullest potential. Sufficient running time is required to
realize the physics promise of RHIC and to reap the rewards
of our investment in RHIC’s construction. This priority
is also recognized in the first recommendation of this Plan
and in the Facilities Initiative that supports it. Certain
short-term upgrades are also essential, as well as R&D
aimed at major upgrades to the machine luminosity and
to the detectors. In the more distant future, significant
upgrades of the collider and the experiments will be needed.
An upgrade program such as the RHIC I1 initiative,
which increases luminosity and adds new capabilities to
the experiments, will allow in-depth pursuit of the most
promising observables characterizing the deconfined
state. Timely completion of the technical R&D is essential
so that a detailed plan and schedule can be developed.
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As discussed earlier, many open questions remain in
the study of QCD at the high-energy frontier. Electron-
nucleus collisions can provide complementary informa-
tion to that obtained at RHIC. One of the technical
options of the Electron-Ion Collider initiative would add
this capability to the facility. This is an extremely exciting
opportunity for the long term, since it allows access to a
new regime within QCD and should shed light on the ini-
tial conditions for heavy-ion collisions at RHIC. As with
RHICII, R&D is essential in the near term so that a full

scientific proposal can be developed.

Finally, the CERN heavy-ion program will be starting
soon at the LHC. It would be wise to make a modest invest-
ment of manpower and money so that some U.S. participation
is possible. This program should focus on those aspects of
relativistic heavy-ion physics not easily addressed at RHIC.
This includes jet and photon production at transverse
momenta above 20 GeV/c, Y family vector meson produc-
tion, and Wand Z production in heavy-ion collisions. The
LHC offers jet and photon production rates one to three
orders of magnitude larger than those at RHIC, for transverse
momenta in the range 20-100 GeV/c, opening the door to
detailed studies. The LHC also has a kinematical reach some
25 times better than RHIC’s, extending into the realm of very

soft gluons, where we may expect saturation effects to matter.

While the general structure of QCD is now firmly estab-
lished, its properties are not yet fully understood. Many
fundamental problems remain unsolved and are thus at the
forefront of modern theoretical physics. One of the most
important tools for making progress is lattice gauge theory,
which allows us to solve complex nonlinear field theory
problems using a computer. Such problems are among the
most complex in computer science and require enormous
computing power. New computational capabilities will be
needed in order to make progress, both in interpreting
experimental results and in furthering fundamental theoreti-
cal understanding. The necessary capabilities are contained

within the Large-Scale Computing Initiative.



Nuclear Astrophysics:

The Origin of the Elements
and the Evolution of Matter

Overview: Cosmic Questions

Fascination with the wonders of the cosmos and with the
origins of life may be as old as our species. In the modern-
day quest driven by this age-old fascination, nuclear physics
plays a key role. The structure of atomic nuclei and the
interactions among them govern the energy generated in
stars such as our sun, making life on Earth possible. They
also drive the evolution of stars and are responsible for the
synthesis of the elements that constitute everything in the
universe, from the components of our bodies to the most
distant stars. The fact that the iron in our blood and the cal-
cium of our bones had their origin inside a star is a dramatic
reminder of the link between our lives and the cosmic scale
of astrophysics.

This melding of nuclear physics and astrophysics has
created the broad interdisciplinary field of nuclear astro-
physics, a field that addresses some of the most compelling

questions in nature:

® What are the origins of the elements necessary
for life?

* How did the sun, the solar system, the stars, and

our galaxy form, and how did they evolve?

® How much “ordinary” matter is there in the uni-
verse, and what is the remainder made up of?

e How old is the universe?

Nuclear physics plays a central role in seeking answers to
these vital questions. Nuclear processes provide a window
into the depths of the stellar interior, a place opaque to most
other forms of inquiry. Nuclear processes also lead to vio-
lent explosions marking the destruction of some stars.
Furthermore, they are keys to unlocking cosmological
secrets such as the nature of the early universe, its evolution
through time, its current large-scale structure, and its ulti-
mate fate. Finally, since all of the elements were produced
by nuclear reactions, nuclear physics is crucial to determin-
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ing the chemical history of galaxies and the appearance and
distribution of galactic radioactivity. Understanding such
macroscopic phenomena, which involves deciphering the
latest measurements from satellite- and ground-based
observatories, thus requires knowledge of nuclear physics

phenomena at microscopic scales.

Recent years have been a golden age for observation.
Sophisticated satellite-based observatories, such as the
Hubble Space Telescope, the Chandra X-ray Observatory,
and the Compton Gamma Ray Observatory, have provided
an unparalleled wealth of new, detailed astrophysical data.
This trend will continue, since numerous ground- and
spaced-based observatories are planned in the next decade.
The observation and understanding of element-formation
processes are among the highest scientific priorities for
these planned observatories, which include gamma-ray
observatories such as INTEGRAL and the Advanced
Compton Telescope, optical observatories such as the
Next Generation Space Telescope, probes of the cosmic
microwave background such as MAP, and a number of
large-aperture ground-based observatories. However, full
realization of the opportunities afforded by these new
instruments will be possible only if the underlying nuclear
processes are well understood. Important complementary
observations are being made at SNO, SuperKamiokande,
and other huge subterranean caverns filled with water or
special liquids and thousands of light detectors. These sys-
tems have glimpsed elusive neutrinos —from the sun and
from exploding stars—and the results indicate that neutri-
nos contribute substantially to the mass of the universe (see
also pages 77-83). Yet another complementary approach to
cosmic observations is the extremely sensitive laboratory
microanalysis of the elemental abundance distributions in
tiny silicon carbide grains in meteorites, which have detect-
ed abundances that differ wildly from material normally
found on Earth.

Recent achievements in nuclear astrophysics. Recent
astrophysical observations have advanced in concert with
laboratory nuclear physics and theoretical modeling of stel-
lar phenomena. In the 75 years since nuclear processes were
first postulated to occur in stars, significant progress has been
made in determining the nuclear processing that occurs in
various stellar environments. Recent advances in the
technology of nuclear physics—such as the availability
of beams of radioactive nuclei, large detector arrays, and

underground accelerators—have enabled the measurement



of some important, previously inaccessible nuclear reaction
cross sections and nuclear properties. Some accomplish-

ments since the 1996 long-range plan include the following:

* As discussed on pages 77-83, oscillations of neutri-
nos from one type to another have been confirmed as
the key to resolving the puzzle of the “missing” solar

neutrinos.

® Beams of radioactive nuclei have been used to make
the first direct measurements of key nuclear reactions

driving cataclysmic explosions in binary systems.

¢ A high-current, low-energy accelerator has been used
to measure, for the first time, a charged-particle reaction

at energies comparable to those occurring in the sun.

¢ Elegant experiments using stable and radioactive
beams have fueled real progress in understanding the
capture of alpha particles on 12C and the capture of
protons on ’Be, which are of prime importance in the
evolution of massive stars and in the core of the sun,

respectively.

* By use of neutron beams, the fusion rates of neutrons
and heavy elements have been newly determined,
yielding the first precise confirmation of the theory
that tiny grains in some meteorites originate in red

glant stars.

The information from these experiments and others is
being used in an emerging generation of sophisticated, com-
putationally intensive models of astrophysical phenomena.
These data are also being used to improve predictions of

unmeasured nuclear reactions and nuclear structure.

Cosmic mysteries and a roadmap for solutions. In spite
of these achievements and the tremendous progress in
observations, today’s understanding of many crucial astro-
physical events is still in its infancy. Many mysteries about
the nature and evolution of our universe remain unan-
swered. Among those that will be addressed in the coming

decade are the following:

e Spectacular core-collapse supernova explosions
represent the violent end of a massive star’s life and
create and disperse many elements—but the explosion
mechanism remains elusive. Theoretical astrophysical
modeling, coupled with results from a wide variety of
nuclear physics measurements involving radioactive

nuclei, will be required for progress in this area.
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* Estimates of the amount of matter ejected from other
explosions—novae—differ by an order of magnitude
from observations. Measurements of reactions on
proton-rich radioactive nuclei, coupled with improved
astrophysical modeling, are needed to address this

puzzle.

® The galaxy has been mapped with gamma rays from the
decay of radioactive 26Al, but we do not yet understand
all the astrophysical events that create this radioisotope.
Measurements of reactions on proton-rich radioactive

nuclei are needed to clear up this mystery.

* With recently launched satellites like RXTE and the
Chandra X-ray Observatory, a tremendous amount
of new x-ray data from accreting neutron stars is
being gathered, leading to discoveries of new phe-
nomena such as oscillations and superbursts. Nuclear
physics data on unstable, proton-rich nuclei are needed
to interpret these observations and to reveal the prop-

erties of the underlying neutron star.

® It remains unclear where about half of the heavy ele-
ments are formed. Measurements of the structure and
reactions of neutron-rich radioactive nuclei are

required to answer this important question.

® The other half of the heavy elements are most likely
formed in bloated red giants via the capture of neu-
trons, but we still do not understand the origin of the
necessary neutrons. Measurements of alpha- and
neutron-induced reactions, as well as improved astro-

physical modeling, are needed to address this issue.

* Current models of element formation do not, in many
cases, match the abundances that are now precisely
measured in meteoritic grains— “stardust.” Here,
measurements of neutron-induced reactions are

essential to progress.

® Recent measurements have confirmed the notion that
different neutrino types “mix” with one another, but
the nature of this mixing is still unknown. Improved
neutrino measurements and measurements of a num-
ber of nuclear- and neutrino-induced reactions are

needed here.

A number of facilities are currently available to investi-
gate these mysteries. Radioactive-beam facilities, such as
NSCL at Michigan State and HRIBF at Oak Ridge, will be

invaluable in enhancing what we know of exploding stars.



Low-energy facilities, such as NSL at Notre Dame and
LENA at TUNL (Duke), are vital for examining nonexplo-
sive hydrogen and helium burning in stars like our sun and
in red giants. Argonne, Berkeley Lab, HRIBF, Yale, Texas
A&M, and other institutions have higher-energy, stable-
beam machines that can probe details of nuclear structure
important for astrophysical problems. ORELA and the
SNS at Oak Ridge and LANSCE at Los Alamos will pro-
vide neutrons needed to understand the synthesis of heavy

elements in red giants and in stellar explosions.

In the longer term, the Rare Isotope Accelerator (RIA)
will be needed to forge real progress in several important
areas. RIA will deliver a wide range of radioactive beams
and will thus provide the tools for establishing a firm
empirical basis for new knowledge of the origin, assembly,
and interactions of nuclear matter far from stability. Such
knowledge is needed, for example, to expand what is known
of stellar explosions. Along with other technological devel-
opments (for example, large detector arrays), RIA has the
potential to launch a new golden era of nuclear astrophysics
to rival that of observational astrophysics, to which it is inti-
mately linked.

The following sections illustrate the breadth of astro-
physical phenomena in which nuclear physics plays an
important role, summarize recent progress and open ques-
tions, and describe the resources needed to tackle these cos-

mic puzzles.

Going Out with a Bang: Supernovae Explosions

Core-collapse supernovae are extraordinary cosmic
events, signaling both a dramatic end to the life cycle of
massive stars and the birth of neutron stars and black holes.
They are among the most energetic explosions in the uni-
verse, with the final stages shredding, in less than a second, a
star that took hundreds of millions of years to evolve. They
radiate 105! ergs of energy in the optical band and 100 times
that in elusive neutrinos. Supernovae are the principal fac-
tories of new elements: They enrich our galaxy with nuclei
near iron during the explosion; they eject the ashes of stellar
burning, comprising carbon, oxygen, neon, and other ele-
ments, into the interstellar medium; and they possibly syn-
thesize a large fraction of the heaviest elements by means of

the rapid neutron-capture process (r-process). And finally,
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supernovae are also important laboratories for modern
physics, testing what is known of hydrodynamics, general
relativity, neutrino physics, and a great deal of nuclear
physics. Thus, understanding the mechanism of core-col-
lapse supernovae is of central importance, in astrophysics as

well as in many other areas of physics.

Neutrinos and the supernova explosion mechanism.
Advanced observatories are now making detailed observa-
tions of about 20 supernovae each year, and yet, despite
tremendous theoretical and experimental efforts, stars can-
not yet be made to explode in the best computer simula-
tions. Current assumptions hold that the explosion is
initiated when a star with a mass of 8-30 times that of the
sun has exhausted its nuclear fuel, and thermonuclear burn-
ing can no longer prevent gravitational collapse of the core.
After compression to densities greater than that of nuclear
matter and subsequent heating to high temperatures, the
central core rebounds, giving rise to a shock wave that
begins to propagate out of the core while the outer layers
are still falling in. Much of the shock energy is, however,
lost to dissociating the heavy nuclei in the core, causing the
shock wave to stall. The hot core is, however, cooling by
the emission of an intense flux of neutrinos, in effect acting
like a neutrino light bulb radiating 1050 watts of power. The
interaction of the neutrinos with the high-density stellar
material may revive the shock wave, causing it to move out
and shred the star, blowing the outer layers into the inter-
stellar medium and leaving behind a neutron star or a black

hole as the explosion remnant.

We have made significant progress in modeling this
process by using laboratory nuclear physics results, coupled
with hydrodynamics simulations (see Figure 2.16). For
example, more accurate neutrino transport is now being uti-
lized in one-dimensional (spherically symmetric) models.
Recent progress has also been made in calculating electron-
capture rates crucial to understanding the collapse of the
core. These calculations differ substantially from earlier
estimates, and radioactive-beam experiments are needed to
test the new predictions of electron-capture rates on unsta-
ble nuclei. Furthermore, multidimensional models are now
able to explore effects such as the convection induced by
neutrino heating. These latter, more realistic models hold
the key to the future. However, in spite of these advances,
the detailed nature of the supernova mechanism still eludes

description. There is hope that explosions can be simulated



in multidimensional models that fully treat the micro-
physics (such as accurate neutrino transport). But this hope
remains to be realized because of limitations on manpower

and computational resources.

It is quite possible, however, that the current simulations
omit some essential microphysics, such as detailed features

of nucleon-nucleon, neutrino-nucleon, and neutrino-nucleus

interactions, or changes in how opaque the stellar material is
to neutrinos. Efforts to include such features require exper-
imental investigations. For example, all but one of the rates
for interactions between neutrinos and nuclei remain
unmeasured. A facility enabling neutrino-nucleus cross-
section measurements is needed to provide an experimental
basis for this important information. Furthermore, since

neutrinos play such an important role in the explosion, the

The Age of the Galaxy

We believe that the universe began in a hot, dense Big
Bang about 10-15 billion years ago. Galaxies such as our
Milky Way could have started to form within the first billion
years after that, but the sun and the solar system are relative
newcomers, appearing only 4.6 billion years ago. One of
the challenges of modern cosmology is to link the conditions
characterizing the early universe with what is observed
today, and an important piece of the puzzle is the age of the
universe. This can be estimated directly by several means,
including measurements of the Hubble constant and obser-
vations of clusters of stars. The Hubble constant relates the
distance of an object to its recessional velocity and thus
offers a handle on the expansion rate of the universe. Taken
together, these approaches yield ages in the range cited above.
However, nuclear physics offers another means of determining

the age of the Milky Way, with the promise of higher accuracy.

About half of the elements heavier than iron are synthe-
sized in a sequence of rapid neutron captures and beta
decays known as the r-process. Although the site of the r-
process is unknown, extreme temperatures and densities
make supernovae the most likely candidates. Because the
stars that explode as supernovae are short-lived, determin-
ing when the r-process first occurred in our galaxy would

provide a very good measure of its age.

It is now possible to make accurate measurements of the
abundances of r-process elements in the atmospheres of
very old stars. The pattern generally follows the known
solar system abundance distribution; however, the relative
abundances of thorium and uranium are observed to be sig-
nificantly lower than in the solar system, a consequence of
the radioactive decay of 232Th and 238U during the time since
their synthesis. Using the radioactive decay law, and with
model predictions for the production of 232Th and 238U, it is
possible to place the age of our galaxy at 10-16 billion years.
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To fully exploit this technique, however —and to sharpen
this estimate further—it will be necessary to replace
assumptions about the nature of the r-process with firmer
insights. Understanding the details of the r-process and the
conditions that give rise to the observed abundance distri-
bution will require further work devoted to the structure of
very neutron-rich nuclei. On the experimental front, RIA
will make significant progress possible, whereas continued
theoretical work is needed on the supernova mechanism
itself, particularly in the areas of neutrino interactions and
hydrodynamics. This work may eventually yield an age

estimate with a precision of two billion years or less.

Log abundance (arb. units)

® CS 22892-052 abundance
— Scaled solar r-process

B!

40 50 60 70 80 90
Atomic number

Signs of old age. The abundances of r-process elements on the
surface of an old star (solid circles) and in the solar system (solid
line). The lower stellar abundances of thorium and uranium
reflect radioactive decay in the interval between the formation of
the old star and the formation of the solar system.
From C. Sneden et al., Astrophys. J. 533, L139 (2000).




Figure 2.16. Modeling a
cataclysm. A two-dimen-
sional simulation of a
supernova explosion
shows the presence of
large-scale motions of
material—convection—in
the inner core. Areas of
high entropy are shown in
red, low entropy in blue.
Along with the interac-
tions of neutrinos with
nuclei, convection may
play an important role in
reenergizing the stalled
outward-traveling shock
wave in these explosions.
Image courtesy of A.
Mezzacappa, Oak Ridge.

Entropy 212 ms after core bounce

construction of underground laboratories to detect neutri-
nos from a supernova burst in our own galaxy could enable
a breakthrough in supernova modeling. Further work is
also needed on the equation of state for dense nuclear matter
and on the role of convection, rotation, and general relativity

in the explosions.

Heavy-element factories: Supernova nucleosynthesis.
Core-collapse supernovae remain the most promising site

for r-process nucleosynthesis —a sequence of rapid neutron
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captures on neutron-rich unstable nuclei, interspersed with
beta decays—which is the process believed to form roughly
half of the elements heavier than iron (see Figure 2.17 and
“The Age of the Galaxy,” page 58). While stars process
hydrogen and helium fuel into medium-mass elements over
hundreds of millions of years, supernovae process some of
this into heavier elements in just a few seconds and then dis-
perse almost all of it into space to seed future generations of
stars and planets. For these reasons, supernovae are referred
to as heavy-element factories. Recently, astronomers have
directly observed the elemental abundances on the surfaces
of very old, metal-poor stars in the halo of our galaxy. The

results reveal a distinct r-process signature.

Current supernova models suggest the presence of con-
ditions necessary for the r-process in the wind from the sur-
face of newly born neutron stars. Specifically, in this region
there are thought to be very high neutron densities (~1020
neutrons cm=) and temperatures (>10° K), and heavy
“seed” nuclei with masses of 60-100, formed via the assem-
bly of nucleons and alpha particles. While the conditions
for an r-process may exist, more work needs to be done to

determine if the r-process actually occurs in supernovae.

Unraveling the mystery of the r-process requires an
understanding of neutron-rich unstable nuclei. At the tem-
peratures and densities in supernovae, the neutron-capture

reactions are so fast (on the order of seconds) that the nucle-
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Figure 2.17. Recipes for new elements. The two diagrams illustrate representative stellar nucle-
osynthesis reactions as they might occur in the rp-process (left) and the r-process (right). The
regions in which these processes occur are illustrated schematically in Figure 2.11.



osynthesis initially depends primarily on the nuclear struc-
ture properties of more than 1000 neutron-rich unstable
nuclei. The required information includes masses, neutron
separation energies, beta-decay lifetimes, beta-delayed neu-
tron-decay probabilities, and level densities. Global nuclear
structure models are therefore crucial, and measurements
are absolutely necessary to benchmark these calculations.
The weak binding inherent in nuclei at the drip lines gives
them nuclear properties profoundly different from those of
nuclei near stability. The underlying shell structure, which
responds to the presence of weakly bound states and of dif-
fuse matter, may be strongly affected. Recent calculations
indicate that a quenched neutron shell structure with dra-
matically reduced shell gaps, possibly reordered orbitals,
and new magic numbers may occur near the neutron drip
line. These can all have astrophysical implications: Recent
calculations of r-process nucleosynthesis using ad hoc
quenching of shell gaps significantly change the prediction
of heavy nuclei abundances synthesized in the explosion, as
compared with predictions using a traditional shell model

out to the drip line.

In addition to the nuclear structure information, the cap-
ture rates are important, especially for determining the reac-
tion path at the lower temperatures toward the end of the
r-process. Because the relevant nuclides lie so far from the
valley of stability, no reactions along the r-process path have
yet been measured directly in the laboratory. One approach
may be to study (d,p) transfer reactions in inverse kinemat-
ics with nuclei on or near the r-process path. The aim would
be to obtain the level information and spectroscopic factors
of single-particle states needed to determine neutron-cap-
ture reaction rates. Other transfer reactions may be useful
in determining the direct-capture contribution to the reac-
tion rate. A complementary approach would be to directly
measure capture on unstable isotopes as far from stability as
possible, with radioactive targets and an intense neutron
source. Finally, recent calculations suggest that reactions on
low-mass, neutron-rich nuclides may also affect the r-
process, but more experimental information is needed to

investigate this possibility.

Glowing embers in space: Long-lived radionuclides. Our
galaxy glows with gamma radiation emitted from radioac-
tive nuclei (for example, #4Ti, 56Co, and 56Ni) in the ashes of
stellar explosions. In fact, the decay of some of these nuclei
powers the late-time light output of supernovae. Simulations
suggest that they are synthesized in the region of the col-
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lapsing core and are thus components of the innermost
material ejected into the interstellar medium (see “Galactic
Radioactivity,” page 62). Minor changes in supernova mod-
els can dramatically alter the predicted amounts of ejected
radionuclides. Accordingly, these nuclei can serve as a pow-
erful diagnostic of the supernova explosion mechanism. It
is, therefore, important to understand the nuclear reactions
that create and destroy these long-lived radionuclides, as
those reactions dictate the quantities of ejected nuclei, as

well as the resulting observable gamma-ray flux.

Supernovae may also be responsible for the origin of the
rare p-nuclides via a series of photodissociation reactions (the
p-process). We have little experimental information on the p-
process, and measurements are needed to improve the statisti-
cal model calculations of p-process reaction rates. In addition,
supernova nucleosynthesis may also be modified by the inter-
actions of neutrinos with the stellar material, an effect we are
just starting to examine and for which no relevant experimen-
tal neutrino-nucleus data exist. Neutrino processes may pro-
duce significant amounts of rare nuclides such as 180Ta, as well
as fragile nuclides such as 1F Verification of such possibilities
will require measurements of neutrino-nucleus cross sections
as described above. Subsequent realistic inclusion of these
processes in supernova simulations may improve the agree-

ment between theory and observations.

The largest nuclei: Neutron stars. Neutron stars, formed
as remnants of supernovae, are among the most unusual
objects in the universe. They contain a mass equal to that of
the sun in a sphere with a radius of 10 km. The densities
range from 0.002 to 10 times that of nuclei—up to ~1015 ¢
cm3. Many neutron stars form pulsars, emitting radio
waves that appear from the Earth to pulse on and off like a
lighthouse beacon as the star rotates at very high speeds, up
to 1000 revolutions per second. Other neutron stars accrete
material from a binary companion star and flare to life with a
burst of x-rays (see below). These explosions are driven by
nuclear reactions on proton-rich radioactive isotopes and are
discussed in more detail below. A wealth of observational
data has been collected on neutron stars: their rotational
period, estimates of their mass, and their x-ray flare-ups.
Efforts to understand the nature of these objects involve
nuclear physics, general relativity, particle physics, and
astrophysics. The pertinent nuclear physics questions con-
cern the nature of dense nuclear matter in which two- and
three-nucleon interaction potentials play a key role; theoreti-

cal calculations and measurements at intermediate-energy



facilities will be crucial here. Additionally, mixed phases of
nuclear and quark matter are thought to exist in these stars, a

state of matter that is particularly challenging to understand.

Supernovae and RIA. Because we will never measure the
properties of all the relevant nuclides and their capture cross
sections, it is crucial to utilize measurements on a number of
key nuclides to refine global model predictions for nuclei
involved in the r-process and for their interactions. Operating
radioactive-beam facilities will enable the first study of struc-
ture and reactions of neutron-rich nuclei in the r-process path,
and significant progress in this area can be expected in the next
few years at NSCL and HRIBE. However, these facilities pro-
vide access to only a limited number of the pertinent nuclei.
RIA will be the world’s only facility to provide the plethora of
beams and the needed intensities for r-process studies. With
RIA, nearly all of the r-process path will be experimentally
accessible, and a firm experimental basis for understanding r-

process nucleosynthesis will be within reach.

Stellar Cannibals: Explosions in Binary Systems

Another class of explosions arises from cannibalistic acts
between stars. More than half of all stars occur in binary
pairs, and it is not uncommon for some stellar material to be
transferred from one star to the other as the pair evolves.
However, in some cases, this mass transfer can produce vio-
lent thermonuclear explosions—novae and x-ray bursts—in
which the more highly evolved star (a cold, dark cinder such
as a white dwarf or a neutron star) can briefly flare back to
life. These are not rare events: We can observe approximately
40 nova explosions in our galaxy each year. These ther-
monuclear explosions are driven by nuclear reactions on
radioactive nuclei and are characterized by very high tem-
peratures and densities and by large amounts of hydrogen
and helium. Under such conditions, proton- and alpha-
induced reactions proceed so quickly that any proton-rich
radioactive nuclei formed can undergo further reactions
before decaying back toward stability. Fundamentally
different sequences of nuclear reactions therefore occur in
stellar explosions, compared with those in stars in hydro-

static equilibrium.

Even though a wealth of new observational data is now
available on novae and x-ray bursts, we still lack the nuclear

physics information we need to understand the underlying
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explosion mechanism. This is likewise true for the explosive
burning of proton-rich unstable nuclei that is involved in
other, more exotic astrophysical phenomena, such as the
enormous disks of stellar material that can accrete around
black holes, or the so-called supermassive stars. The latter
are thought to have masses 105 times the mass of the sun and
to ultimately collapse into supermassive black holes. These
stars may therefore be the precursors of the supermassive
black holes that are the engines of active galactic nuclei and
that seem to reside at the centers of many galaxies, including
our own. The nuclear physics of unstable isotopes plays a

key role in all of these phenomena.

The case of the missing mass: Nova explosions. Nova
explosions occur when a bloated star transfers matter to a
white dwarf companion star, initiating a violent runaway
thermonuclear explosion, with an energy release of
1038-10% ergs in less than 103 seconds. Novae represent
promising “laboratories” for the study of convection, a
poorly understood but crucial part of stellar astrophysics.
This is because the nova mechanism relies on mixing within
a fairly well-defined shell of material, and, unlike examples
of nonexplosive stellar mixing, the results are directly

observable in the outburst, with little modification.

Temperatures and densities greater than 108 K and
103 g cm3, respectively, can be reached during a nova explo-
sion, causing nuclear reactions on proton-rich radioactive
nuclei to generate energy up to 100 times faster than reactions
on stable nuclei. It is this energy release that characterizes the
nova phenomenon. The thermonuclear burning in the hot
CNO cycle and in the rapid proton-capture process (rp-
process) synthesizes nuclides up to mass 40 with an abun-
dance pattern very different from that produced in quiescent
stars (see Figure 2.17). Novae are the principal sources of cer-
tain light nuclei (for example, 13C, 15N, and 170), and they
may also synthesize gamma-ray-emitting radioactive nuclei
in observable quantities. Based on current nova models,
devices such as INTEGRAL and the Advanced Compton
Telescope are expected to have the sensitivity to detect
gamma-ray lines from the decay of nuclei such as 18F, 22Na,
and 26Al. Since the production rates for these nuclei are
strongly dependent on the temperatures, densities, and mix-
ing that occur in the explosion, the measured gamma-ray
intensities can, in principle, provide a valuable diagnostic of
the nova mechanism. Currently, however, uncertainties in

nuclear reactions with radioactive nuclei limit the accuracy of



Galactic Radioactivity

The abundances of the elements in the interstellar
medium (ISM) record the history of stellar evolution in
the galaxy. Radioactive nuclei can be a particularly useful
means of interpreting this record, because they carry
temporal information and can often be associated with a
particular production site. For example, the decay of
56Co (t;/, = 77 days) produced by Supernova 1987A has
been detected by the COMPTEL telescope on the orbit-
ing Compton Gamma Ray Observatory. This observa-
tion revealed that a mass of 56Ni equal to about 7.5% of
the mass of the sun was ejected into the ISM. In addition,
the remnant of an older supernova, Cas A, shows the

characteristic signature of 44Ti (¢;/, = 60 years). These

results can be used to determine how much material was

Remnants of Cas A. Supernova explosions such as this, which is
10,000 light-years distant, contain the elements that make up peo-
ple and planets. This Chandra X-ray Observatory image of the
supernova remnant Cassiopeia A shows in unprecedented detail
where the intensities of low-, medium-, and high-energy x-rays
are greatest (red, green, and blue, respectively). The red material
on the left outer edge is enriched in iron, whereas the bright
greenish white region on the lower left is enriched in silicon and
sulfur. In the blue region on the right edge, low- and medium-
energy x-rays have been filtered out by a cloud of dust and gas in
the remnant. The iron-rich features synthesized deepest in the
star are near the outer edge of the remnant, surprisingly suggest-
ing that the explosion turned the star completely inside out.
Image courtesy of NASA/CXC/SAO.
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ejected into the ISM by this latter explosion, as well as
the conditions near the collapsing core.

A number of instruments have detected gamma rays from
the decay of 26Al (¢, = 7.2 x 105 years). In this case, as illus-
trated below, the emission is spread throughout the galactic
plane, and for this reason, it has been difficult to associate the
production of 26Al with any one site. The lumpiness of the
distribution does suggest that production is episodic, which
would be expected if massive stars were the dominant
source. We also see clear evidence, in the form of anomalous
enhancements of 26Mg in meteoritic grains, that 26Al was
present in the early solar system. Interestingly, the early
solar system had an 26A1/27Al ratio that was 10 times the
norm for the present ISM. These last two discoveries could
provide answers to questions regarding the astrophysical
sources of 26Al in the galaxy, and the circumstances and con-
ditions at the time of the solar system’s birth.

Interpreting these observations requires calculations of
nucleosynthesis from a variety of sources, which in turn uti-
lize nuclear input, such as reaction rates and half-lives. New
gamma-ray observatories, such as INTEGRAL and
GLAST, will offer unprecedented spectral resolution and
sensitivity. The information provided by these new mis-
sions will answer some outstanding questions in nucleosyn-

thesis, while at the same time raising new ones that will

motivate future work in nuclear astrophysics.

Aluminum in the galaxy. A detailed map made by COMPTEL
shows the intensity of 1.8-MeV gamma-ray lines in our galaxy.
These photons correspond to the radioactive decay of 26Al into
26Mg. The relatively short (7.2 x 108 years) half-life of this decay
(compared to the galactic age of billions of years) means that the
26A| was synthesized by nuclear reactions relatively recently.
From S. Pliischke et al., AIP Conf. Proc. 510, 35 (2000).



such an analysis. As a consequence, measurements of the
rates of key reactions using unstable beams will be crucial for

interpreting the gamma-ray measurements.

X-ray bursts. Explosions in binary star systems contain-
ing a neutron star —x-ray bursts and x-ray pulsars—reach
even higher temperatures and densities than novae: over 107
K and 106 g cm™3, respectively. The ensuing hydrogen burn-
ing may synthesize proton-rich nuclides with masses of
80-100 and higher. X-ray bursts occur at low mass-transfer
rates and feature 10- to 100-second-long pulses of nuclear
burning that repeat with a period of hours or days. By con-
trast, x-ray pulsars occur at high mass-transfer rates with
steady-state nuclear burning. Both astrophysical scenarios
are driven by nuclear reactions on proton-rich radioactive
nuclei. We need the rates of these reactions to explain
explosion observables, such as the x-ray luminosity as a
function of time, and to determine the production of some
heavy nuclides (for example, 92Mo and %Ru), which are
difficult to produce in other astrophysical environments.
Furthermore, the ashes of the burning settle onto the neu-
tron star and alter its composition, and can thereby influ-
ence the emission of potentially detectable gravitational

waves from the rapidly spinning neutron star.

Other nuclear processes that come into play in the
crust of the neutron star are electron captures, as well as
pycnonuclear reactions, where fusion is induced by high
densities rather than high temperatures. These involve neu-
tron-rich nuclei out to the neutron drip line, which have
never been studied. Also needed are nuclear structure stud-
ies (masses, lifetimes, beta-delayed particle emission, and
level structure) near the proton drip line. Special attention
is needed to nuclei with equal neutron and proton numbers
that are so-called waiting points; examples include 6*Ge and
72Kr, where the reaction flow slows unless two-proton-cap-
ture reactions provide a bypass. Recent simulations suggest
that these explosions can synthesize material up to the
Sn-Te region, but not beyond; nuclear structure experi-
ments on, for example, the proton separation energies of
antimony isotopes are needed to verify this as the endpoint

of x-ray burst nucleosynthesis.

Standard candles and dark energy: Type la supernovae. If
the mass transfer from one star to another in a binary pair is
high enough, a Type Ia supernova can result. Nuclear burn-
ing of the transferred hydrogen to carbon and oxygen adds
to the mass of the white dwarf, causing a gravitational con-

traction when the mass exceeds 1.4 times that of the sun.
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This ignites a thermonuclear runaway via carbon burning at
the center of the white dwarf, causing the complete disrup-
tion of the star (with no remnant) and the output of an enor-
mous amount of energy. The extreme brightness that results
—and our ability to predict this brightness—makes these
supernova explosions very useful as indicators of cosmo-
logical distances and, accordingly, the expansion rate of
the universe. These explosions have thus been dubbed

“standard candles.”

Type Ia supernovae were recently used to determine that
the expansion rate of the universe is increasing, implying the
existence of a nonzero cosmological constant or “dark energy.”
The use of Type la explosions as standard candles in cos-
mology does, however, depend on our ability to calculate
their luminosities, and this depends on nuclear physics—
such as the important 12C(a,y)16 O reaction, as well as elec-
tron captures on iron-group nuclei and neutron-rich nuclei
with Z < 40. More work is needed to place our understand-

ing of this nuclear physics on a firmer empirical foundation.

Experimental underpinnings of binary explosions. The
recent availability of beams of radioactive nuclei has
enabled the first measurements of a few important reac-
tions and nuclear structure relevant to understanding
nova and x-ray burst nucleosynthesis—and more progress
is expected at facilities such as HRIBF and NSCL. Transfer
reaction studies at stable-beam facilities are also impor-
tant in this effort. The solution to some of the open ques-
tions mentioned above regarding binary explosions will,
however, require a facility such as RIA. By providing
unprecedented intensities of variable-energy, high-quality
beams of proton-rich radioactive nuclei, RIA will enable
direct measurements of the structure of proton-rich
unstable nuclei and the reactions that drive explosions in
binary systems. This, in turn, will enable breakthrough

studies of these systems.

The Biggest Bang: Light Element Formation in
the Early Universe

Nuclear physics provides an excellent window for us to
view the early universe, as well as to study its current large-
scale structure and future evolution. In standard Big Bang
models, the universe at an age of approximately 100 seconds

contains, in part, a homogeneous, hot (1 MeV), rapidly



expanding gas of protons and neutrons. As the universe
expands and cools, nuclear processing assembles almost all of
the free neutrons into *He; tiny amounts of deuterium, tri-
tium, 3He, and “Li nuclei are also formed. The 'H and 4He
formed in the first three minutes after the Big Bang are the

raw materials for the stars that begin to form 10% years later.

The only free parameter in standard Big Bang nucleosyn-
thesis models is the density of “normal” (baryonic) matter
in the universe. There is a range of densities for which all of
the light-element abundances predicted by Big Bang models
agree with the “observations,” namely, the primordial abun-
dances inferred from present-day observations of metal-
poor stars in the halo of our galaxy and from the absorption
of light emissions from quasars by clouds of gas and dust in
space. The constraint of this extremely important cosmo-
logical parameter to about 0.01-0.1 times the closure density
of the universe is a great triumph of nuclear astrophysics,
especially considering that light-element abundances range

over a factor of a billion.

Recent measurements have focused on reducing the uncer-
tainties in nuclear reaction rates, in an effort to define the
baryonic density more narrowly, while theory has focused on
detailing the influence of these rate uncertainties on primor-
dial abundance predictions. More accurate measurements of
some reactions, such as 3He(a,y) "Be, will help refine the pre-
dictions of the Big Bang models; these experiments require

low-energy, high-current light-ion accelerators.

The Quiet Years: Hydrogen and Helium Burning

Stars evolve as a direct consequence of the nuclear reac-
tions that occur in their interiors, and different phases in the
lives of stars can be directly related to particular nuclear
reaction sequences. For most of their lives, stars produce
energy by means of the fusion of hydrogen into helium—
“hydrogen burning.” Since the essential features of hydro-
gen burning have been well understood for 40 years, this
reaction is used as a tool to probe the structure and evolu-
tion of stars, including our sun, which are in the quiescent,

“main sequence” stage of their life cycles.

The vast majority of stars, those with masses less than 1.5
times that of the sun, convert hydrogen into helium primarily
via nuclear reactions in the pp chains. While most of these

reactions are well understood, the rates of the 3He(a,y)”Be
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and 7Be (p,y)8B capture reactions are still somewhat uncer-
tain at solar energies. These reactions, while less important
from the standpoint of stellar structure and evolution, are
noteworthy because the decays of 7Be and 8B produce the
high-energy solar neutrinos. Although it is now clear that
neither reaction can account for the discrepancy between the
predicted and measured fluxes of solar neutrinos (the “solar
neutrino problem”), both play a role in the interpretation of
results from solar neutrino detectors. For example, the
uncertainty in the 7Be (p,y)8B reaction rate makes the largest
nuclear physics contribution to the uncertainties in the
parameters of neutrino oscillation “solutions” to the solar
neutrino problem. With SNO in operation and Borexino
under construction, further studies of these reactions are
both needed and timely.

Bloated stars: Red giant formation. Main sequence stars
more massive than about 1.5 solar masses have hotter interi-
ors than less-massive stars and produce energy via the CN
cycle, in which carbon and nitrogen act as catalysts in the
conversion of hydrogen into helium. The rate of energy
generation is regulated by #N(p,y) 10, the slowest reac-
tion. This burning occurs in the core and, after the core
hydrogen is exhausted, in a thin shell surrounding the core.
At this later stage, the intense luminosity of the shell causes
the star’s surface to expand, increasing the star’s diameter
by ten- to a hundredfold. The star becomes a red giant.
Convection may now reach deeply enough to bring material
that has undergone hydrogen burning to the surface, giving
astronomers a first glimpse of the stellar interior and evi-
dence of nuclear burning by the CN cycle.

Atlow energies, the mechanism behind the!*N(p,y) 150
reaction is complicated, and existing measurements are not
sufficient to determine the stellar rate reliably. This uncer-
tainty affects a variety of important topics in stellar structure
and evolution, including the transition between the main
sequence phase and the red giant phase, and the luminosity
occurring in core helium burning. These further uncertain-
ties, in turn, influence efforts to determine the ages, evolu-
tion, and distances of globular clusters. These enormous
collections of commonly evolved stars are the frequent target
of astrophysical observations, because they are among the
oldest objects known in the galaxy (and hence can provide a
galactic age) and because they can provide important tests
for stellar evolution theory. More precise measurements of
the behavior of the 1¥N(p,y) 150 reaction at very low energy
are critical for studies of these issues.



Puzzles of hydrogen burning in red giants. Hydrogen
burning in the core shells of red giants proceeds at higher
temperatures than core burning, and consequently, nucle-
osynthesis can move beyond the CN cycle into the CNO,
Ne-Na, and Mg-Al cycles. Although not major contributors
to the stellar energy budget, these cycles produce nuclei such
as neon and sodium isotopes and 26Al, which have become
important tools of stellar spectroscopy. Many open questions
remain concerning the nuclear physics of hydrogen burning
inred giants. For example, sizable uncertainties associated
with reactions producing sodium within the Ne-Na cycle
prevent a clear interpretation of observations of abundance
anomalies on the surfaces of stars in globular clusters.
Likewise, uncertainties in CNO and Ne-Na cycle reactions
prevent the use of 17180 and 23Na as tracers of stellar convec-

tion, the most poorly understood aspect of stellar models.

Furthermore, rate uncertainties in the Mg-Al cycle ham-
per a proper interpretation of the mapping by the Compton
Gamma Ray Observatory of gamma rays from the decay of
the long-lived radionuclide 26 Al across the galaxy (see page
62). Since the half-life of 26Al (z;,, = 7.2 X 105 years) is short
as compared with the time scale of galactic chemical evolu-
tion (~1010 years), this crucial observation is clear evidence
that nucleosynthetic processes are currently active in the
galaxy and are releasing 1-3 solar masses of 26Al per 106
years into the interstellar medium. A wide variety of stellar
sites have been suggested as sources of 26Al, including mas-
sive Wolf-Rayet stars, core-collapse supernovae, nova out-
bursts, and red giants. Determining the actual source or
sources will help solve puzzles in models of stellar evolution
and illuminate the origin of our solar system, but this will
require reducing the large uncertainties in the reaction rates
in the Mg-Al cycle, involving both stable and radioactive

magnesium, aluminum, and silicon isotopes.

Measurements of the small cross sections of hydrogen-
burning reactions require dedicated, high-intensity (~mA),
low-energy (<3 MV) accelerators, coupled with innovative
detection systems such gamma-ray tracking detectors.
These systems would permit measurements within the actual
range of stellar energies, instead of relying on measurements
at higher energies (with higher cross sections), which then
require problematic extrapolations to the low energies of
interest. Another possibility is to place an accelerator deep
underground, where background events from cosmic rays

would be greatly reduced.
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Some reactions are simply too slow to be measured
directly at relevant energies, though they can still be stud-
ied using a variety of indirect spectroscopic techniques.
For example, measurements of proton-stripping reactions
and Coulomb-dissociation techniques are used as alterna-
tive means to study (p,Y) reactions. In some cases, direct
and indirect measurements can be combined to overcome
the systematic limitations of one or both methods. A
variety of low- and medium-energy facilities is essential
for these important indirect studies. A combined approach
of direct and indirect measurements will become more
necessary as the interpretation of astrophysical observa-
tions continues to require increasing precision from

nuclear physics.

Helium burning. When the contracting, helium-rich core
of ared giant reaches sufficient density and temperature,
helium burning begins by means of the well-understood
triple-alpha process, the fusion of three *He nuclei to form
12C. This new energy source stabilizes the core’s contrac-
tion. This reaction and several other alpha-capture reac-
tions (on, for example, 12C, 14N, 160, and 20Ne) characterize
the helium-burning phase of stellar evolution. Since alpha-
capture reactions are typically harder to measure than pro-
ton-capture reactions (because of the increased Coulomb
barrier and higher background levels), experimental data are
sparse, and some very basic issues concerning helium burn-

ing still remain unresolved.

Many of these questions require a better determination
of the 12C(a,y)!60O reaction rate. This reaction is of enor-
mous significance for late stellar evolution: It helps to deter-
mine the mass of the core following helium burning, as well
as to fix [together with the 16O(a,y)2°Ne reaction] the C/O
ratio, which in turn influences all later nuclear burning
stages in a star. For these reasons, the experimental determi-
nation of the reaction rate for 12C(a,y)!16O has been one of
the important goals in nuclear astrophysics for the past
three decades. The experimental situation has been
improved by recent measurements with low-energy alpha
particles and by measurements of the beta-delayed alpha
decay of 16N. However, the small cross section and the
complexity of the reaction mechanism at low energies have
severely handicapped attempts to reduce the uncertainty at
stellar energies from the current factor of two to the needed
level of 20%. More work is needed in this area, requiring

high-intensity, low-energy stable-beam facilities.



Advanced Stages of Stellar Burning

For stars with masses greater than eight times that of
the sun, exhaustion of the 4He fuel in the core leads to fur-
ther stages of evolution characterized by carbon, neon,
oxygen, and silicon burning. These processes are driven
by heavy-ion fusion and photodisintegration reactions,
and they depend upon the fusion of 12C and 1O and upon
subsequent alpha and proton captures on the fusion prod-
ucts. For example, nuclides such as 28Si and 32S are formed
by the photodisintegration of 20Ne (formed during carbon
burning) to oxygen and subsequent oxygen-oxygen fusion
reactions. Burning stages beyond oxygen burning are rele-
vant for the synthesis of nuclei heavier than calcium in the
pre-supernova phase of the star. At the highest tempera-

tures, burning occurs in a state of full nuclear statistical

equilibrium (NSE), where the abundances produced are
governed by chemical potentials and thus depend only on
the temperature, density, nuclear binding energies, and
partition functions of the nuclei involved. This equilibrium
breaks down for temperatures below about 3 x 109 K, and
at these lower temperatures, different nuclear mass regions
can already equilibrate separately with the background of
free neutrons, protons, and alphas. Such quasi-equilibrium
(QSE) clusters are connected by slow reactions and have
total abundances that are offset from the NSE values.
Some individual reaction rates therefore remain important
for element production in this burning and need to be
determined experimentally. The study of the QSE clusters
is a valuable tool in deciphering the behavior of nucle-
osynthesis processes at temperatures below those

required for NSE.

Giant Red Fingerprints

In the red giant stardust model, nuclides synthesized via
the s-process during the red giant phase of a star’s life are
mixed by convection in the cooler outer regions of the star.
As the material cools, microscopic grains of refractory
materials, such as silicon carbide, form and trap within
them trace quantities of s-process isotopes, thus preserving
the unique isotopic signature of the s-process environment
in this star. Today, this stardust can be found as tiny grains

in primitive meteorites.

In the past few years, it has become possible to measure

the isotopic ratios of the trace elements in these grains, using

ion microprobes and other techniques. Qualitatively, these
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measurements agree with s-process stellar models. For exam-
ple, isotopes believed to be formed only in the s-process with
no r-process contribution (“s-only” isotopes) were found to
be relatively enriched, whereas p-only and r-only isotopes, as
well as isotopes having contributions from both the s- and the
r-process, were depleted. However, substantial guantitative
differences remained between the model and the observations,
though these differences were obscured by large uncertainties

in the neutron-capture reaction rates.

The first truly quantitative test of the red giant stardust
model was made possible by recent high-precision neu-
tron-capture measurements on isotopes of neodymium.
These new data show that the old rates were seriously in
error, and s-process stellar model calculations with the
new rates have produced excellent agreement with the

meteorite data, as shown on the far right.

Death of a giant. Red giant stars form nebulae such as the Cat's
Eye Nebula as they die, as strong winds blow off the star’s sur-
face. Our own sun will do this in a few billion years. Material
coalescing in such nebulae may reach the Earth in the form of
meteorites.



Slow cooking of heavy elements. About half of the ele-
ments heavier than iron are formed in the slow neutron-cap-
ture process (s-process), which occurs during the helium-
burning phase of a star’s life. Heavy elements are built by a
sequence of neutron captures and beta decays, which mainly
process material from seed nuclei located below and near
the iron peak into a wide range of nuclei extending up to
lead and bismuth. In contrast to the r-process, the neutron-
capture times are usually longer than the competing beta-
decay half-lives, and thus the s-process path runs along the
valley of stability in the nuclear chart. This means that the
relevant neutron-capture cross sections and half-lives are
much more accessible to experimental investigation, making
the s-process the best-understood phase of nucleosynthesis.
A recent success of s-process studies was the first quantita-

tive confirmation of the theory that tiny grains in some

On the other hand, still more-recent high-precision
measurements on isotopes of barium and strontium have
revealed puzzling discrepancies between the predictions of
the red giant stardust model and the meteorite data. More
precise neutron-capture measurements on other isotopes
are needed to keep pace with the quickly growing body of
precise isotopic abundance data for trace elements in mete-

oric grains, most of which appear to be due to the s-process.
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meteorites carry a signature of abundances identical to that
predicted in red giants and therefore originated in this
astrophysical environment (see “Giant Red Fingerprints,”

below).

It is postulated that two s-process components are needed
to reproduce the observed abundances. Helium flashes
associated with rapid hydrogen mixing into the helium-
burning carbon-enriched region are believed to be the site of
the main s-process component that builds up the elements
as heavy as lead and bismuth, with the 13C(a,7)160 reaction
being the main neutron source. The 22Ne(a,7)2>Mg reac-
tion, which occurs during helium core burning of CNO
material, is believed to supply the neutrons for the weak
component that produces the nuclides with up to mass 90.

Both the nature and the extent of convective processes,
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From uncertainty to confirmation. Detailed analyses of small
grains in meteorites show neodymium abundances that differ
markedly from solar abundances. Stellar models based on old
neutron-capture data failed to confirm that these grains carried a
signature of red giant nucleosynthesis, but new precision meas-
urements now provide a quantitative verification that these grains
originated in red giants.

Interstellar grit. This ion microprobe image shows a SiC grain
from a meteorite. Such grains contain elemental abundances
that reflect their origins in red giants. /mage courtesy of S.
Amari, Washington University.



as well as the low-energy reaction cross sections for
13C(a,n)160 and 22Ne(a,n)?Mg, are largely unknown and
are treated as free parameters in present stellar modeling
approaches. Determinations of these reaction rates are nec-
essary ingredients in improved (and more realistic) models
of these stars, especially models that treat convection and

other mixing self-consistently.

The need for precision. Experimental uncertainties need
to be reduced for many of the neutron-capture reactions
that drive the nucleosynthesis of the heavy elements in red
giants. Over the past 10 years, we have seen impressive
improvements in the measurements of some important
rates, and some are now known to the level of accuracy
(1-3%) needed to test realistic stellar models and to make
good use of the highly precise isotopic abundance measure-
ments available from meteoritic stardust grains. Nonetheless,
more high-precision measurements are needed, especially
for the s-only isotopes (those produced solely by the s-
process), for isotopes measured in stardust grains, and for
isotopes with small cross sections. Also, neutron-capture
measurements are needed for radioactive isotopes that are
branching points in the s-process flow (where the rates for
neutron capture and beta decay are similar). Analysis of
these branching points can provide a direct handle on the
“dynamics” of the stellar environment, such as the time
dependence of the temperature, neutron flux, and matter
density, as well as better information on the mean stellar

environment.

The advent of high-flux neutron spallation sources will
make measurements on important branching-point iso-
topes possible. New neutron-capture measurements are
also needed at lower energies, because the latest, most suc-
cessful stellar models indicate that the temperature during
most of the neutron exposure in the s-process is much
lower (BT = 8 keV) than previously thought (kT =30
keV). Many of the older data do not extend to low
enough energies to accurately determine the rates at this
lower temperature, and rate extrapolations from higher
temperatures are unreliable. Itis also important to cali-
brate the effect of the population of low-lying excited
states on neutron-capture rates, owing to the finite tem-
perature of the s-process environment. Nuclear models
indicate that this is most important in the rare-earth
region, where the effects can be as large as 15%, but there
are substantial differences among the predictions of dif-

ferent models. These effects can be determined by means
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of a series of neutron inelastic scattering experiments. To
make all of these high-priority measurements will require
complementary high-flux, low-resolution and lower-flux,
high-resolution neutron sources, as well as the fabrication
of radioactive targets, the availability of isotopically sepa-
rated stable samples, and new high-efficiency, low-back-

ground gamma-ray detector arrays.

Outlook

As early as a half-century ago, a small number of seminal
papers defined the field of nuclear astrophysics. On the
basis of this early work, we have qualitative answers to
some very deep questions about the origins of nuclei. For
instance, it was clear then that the light elements arose from
nuclear reactions that took place soon after the Big Bang.
Today, this is still a cornerstone of Big Bang cosmology,
along with the expansion of the universe and blackbody
radiation. It was also apparent early on that at least two
mechanisms (one rapid and one slow) contribute to the for-
mation of the heavy elements and that several different

astronomical sites must be involved in nucleosynthesis.

These key insights have been remarkably robust, but
quantitative models have had mixed success in describing
exactly what is going on and where it is happening. For
example, the basic reactions in the burning of main sequence
stars are rather well understood, but there are still signifi-
cant qualitative, as well as quantitative, uncertainties about
stellar explosions—for example, the site of the r-process is
still unknown. Progress in understanding both nonexplo-
sive and explosive environments will require a combination
of advances in both experimental and theoretical nuclear
physics. This work needs to be closely coupled to more
elaborate studies to determine which nuclear physics infor-
mation has the largest impact on astrophysical environ-
ments. Such sensitivity studies have, to date, shown that
some of the most important information invariably requires

pushing our current capabilities to the next level.

In the coming decade, a number of factors will com-
bine to allow real progress on many fronts. First-genera-
tion radioactive-beam facilities will provide exceptional
opportunities, as will selected experiments at stable-beam
facilities. These have been described in some detail earlier
in this section. It should be reemphasized here, however,

that almost every one of these measurements, whether it



uses a stable or an unstable beam, will test the limits of
beam intensity and background level. These experiments
will put great pressure on the facilities to improve pro-
ductivity and increase beam time. For this reason,
progress in nuclear astrophysics will benefit particularly
from successful implementation of the Facilities

Initiative.

Facilities such as NSCL and HRIBF, and later RIA, will
provide new experimental input for r-process nucleosynthesis
models. However, if we assume that supernovae are the
sites for the r-process, nuclear physics can address only one
part of the problem. Understanding a supernova explosion
is a multidisciplinary physics challenge that will require a
coordinated theoretical approach for its solution. Addressing
this problem is a key focus of the Nuclear Theory Initiative.
Simulating the explosion numerically is a key driver for the

Large-Scale Computing Initiative.

We have known for some decades that successful model-
ing of a supernova explosion, and of the nucleosynthesis
that takes place during it, would require knowledge of the
nuclear equation of state, as well as detailed knowledge of
the properties of very neutron-rich nuclei. Only in the past
decade, however, has the importance of neutrino transport
come to be fully appreciated. This too needs experimental
input, and the proposal to build ORLaND, a dedicated
facility to measure neutrino-nucleus cross sections repre-

sents an important opportunity.
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As mentioned above, the measurement of nuclear reac-
tions at astrophysically relevant energies is challenging for
many reasons. It has recently been demonstrated that some
of the background problems can be overcome by carrying
out the experiments deep underground. The proposal for
a National Underground Science Laboratory offers an
outstanding opportunity to operate a high-current, low-
energy accelerator in a laboratory setting with a low back-

ground level.

Another area of progress will be in precision measure-
ments of isotopic abundances themselves. Beautiful results
have been obtained for micrometeorites that originate outside
the solar system, and further advances are expected both in
these measurements and in astrophysical abundance observa-
tions. But the interpretation of these measurements relies
heavily on very careful laboratory measurements of charged-

particle and neutron-induced reaction cross sections.

Finally, for the long term, the Rare Isotope Accelerator
will provide several orders of magnitude in increased sensi-
tivity for measuring almost every nuclear parameter that
requires an unstable beam or target. Which problems will
have highest priority when RIA comes on-line will depend
on the outcome of measurements during the coming decade
at the first-generation radioactive-beam facilities. What
cannot be disputed is that experiments at the limits of cur-
rent technology will become routine at RTA, and others that

are unthinkable today will be attempted.



In Search of the New Standard Model

Overview: Old Physics, New Physics

The search for a single framework describing all known
forces of nature has been something of a Holy Grail in
physics. Accordingly, one of the triumphs of late 20th cen-
tury physics has been the establishment—and experimental
confirmation— of such a framework for three of the four
fundamental interactions: the electromagnetic, weak, and
strong forces. The Standard Model of electroweak and
strong interactions has by now been tested with impressive
precision (~0.1% for electroweak phenomena) in tabletop
experiments with atoms, in various nuclear experiments
testing Standard Model symmetries, and in high-energy ete

and pp annihilations.

Despite its successes, however, the Standard Model
presents some conceptual difficulties, leading physicists to
believe that it represents only a piece of a larger, more fun-
damental theory. For example, gravity remains to be fully
incorporated into a framework including the other three
forces, though the advent of string theory represents a
breakthrough advance in this regard. In addition, the
Standard Model itself contains 19 parameters whose origins
and magnitudes are not explained by the theory but rather
are taken from experiment. Indeed, the vast hierarchy of
masses among the known elementary particles—ranging
from neutrinos with masses no more than an eV/c2 to heavy
quarks near 1011 eV/c2—is not explained by the Standard
Model. Similarly, the Standard Model gives no reason for
the quantization of electric charge, the weak interaction’s
flagrant disrespect for discrete symmetries (parity, P; charge
conjugation, C; and time-reversal invariance, T), or the
dynamics responsible for the predominance of matter over
antimatter in the universe. Moreover, from a phenomeno-
logical standpoint, the recent observations of atmospheric
neutrino oscillations by the SuperKamiokande collabora-
tion—in tandem with data on solar and reactor neutrino
oscillation searches—are not consistent with the Standard
Model picture of three massless, purely left-handed neutri-
nos. Open questions such as these call for the development
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of a “new Standard Model,” a model that builds on the suc-

cesses of the current one while addressing its shortcomings.

Forty years ago, nuclear science played a crucial role in
establishing the experimental foundations for the Standard
Model. Precision tests of beta decay and muon decay
demonstrated maximal parity violation, as well as important
relationships between weak and electromagnetic interac-
tions. Today, new experiments in nuclear physics and astro-
physics may be uncovering the first hints of physics beyond
the Standard Model. Especially significant recent accom-

plishments include:

® Observations of neutrinos using gallium detectors,
which have shown that the number of low-energy
electron neutrinos (those produced by weak interac-
tions involving p + p or 7Be) reaching Earth from the
sun is well below the number expected from the stan-
dard solar model. These results have confirmed and
extended the pioneering experiments on solar neutrino

detection that identified the solar neutrino problem.

Measurements of the high-energy neutrino flux from
the sun, which have demonstrated that the deficit of
low-energy neutrinos on Earth is due to neutrino
oscillations, implying that neutrinos have mass. This,
together with the discovery of atmospheric neutrino
oscillations, will require an extension to the Standard
Model of fundamental interactions. This discovery
also implies that neutrinos contribute at least as much

mass to the universe as do the visible stars.

A precision measurement of the magnetic moment of
the muon, which has helped theorists discover an
error in the Standard Model calculation and has
placed important constraints on Standard Model

extensions, such as supersymmetry.

Dramatic improvements in experiments on nuclear
electric dipole moments and double beta decay.
These improvements place stringent bounds on
violations of time-reversal symmetry and lepton

number conservation.

While high-energy physicists typically search for “new
physics” in large-scale experiments involving high-energy
collisions of elementary particles, the avenue for nuclear
physicists is through exquisitely precise measurements of
various quantities. The presence—or even absence— of tiny
deviations from Standard Model predictions for these meas-

urements can provide important clues about the nature of



the new theory. A number of current nuclear physics stud-

ies promise just such clues to the new Standard Model.

Symmetries and the Standard Model

Neutral weak phenomena. An early and stunning success
of the Standard Model was the discovery of the Z% boson,
whose existence and properties were predicted by the theory.
The Z° mediates a component of the weak force in which
the identities of all particles are preserved throughout the
interaction. Such “neutral” weak interactions contrast with
“charged” weak interactions, such as muon or nuclear beta
decay, in which particle identities are transformed. In this
sense, the neutral weak interaction is similar to the electro-
magnetic interaction—mediated by the photon—which also
preserves particle identity. According to the Standard
Model, the photon and the Z9 are actually mixtures of pri-
mordial bosons, where the degree of mixing is described by
a parameter By, the weak mixing angle. Measurements of
neutral weak phenomena are sensitive to sin? By, and com-
parisons of sin? By, extracted from a variety of different
measurements have become an important means of testing

the validity of the Standard Model.

To date, the most precise values of sin? 6y, have been
obtained in e*e~collisions at SLAC and CERN, where the
center-of-mass energy in the collision is about 200 GeV.
The Standard Model predicts, however, that the value of
sin? By, should vary from its high-energy value in processes
at other energies. Two fixed-target experiments seek to test
this energy dependence of sin? By for the first time with
precision comparable to the high-energy determinations.
Both experiments exploit the violation of parity invariance
in the weak interaction to separate its effect from that of the
electromagnetic interaction. Parity violation arises because
neutral weak interactions between “left-handed” particles
differ from those involving their mirror-image “right-handed”
particles. (Parity symmetry states that any physical process
will be identical to its mirror image. Thus, weak interactions
do not respect parity symmetry.) Experimentally, this viola-
tion is isolated by comparing processes involving particles
having opposite “handedness,” such as polarized electrons.
A measurement of the parity-violating asymmetry in polar-
ized e~e~ scattering is currently under way at SLAC, while
an analogous measurement of the asymmetry for polarized

ep scattering is under development for Jefferson Lab.

Al

The Standard Model predicts that these asymmetries are
roughly 107 or smaller, and useful extractions of sin2 By,
require that experimental uncertainty be no larger than a
few percent of this value. While measurements of this type
are difficult, the results can have profound implications.
Any observed deviations from the Standard Model predic-
tion for the energy dependence of sin? 6y could signal the
presence of new particles analogous to the Z0 but as much as
ten times heavier. Conversely, agreement with the Standard
Model would tell us that mediators of the new Standard
Model are considerably heavier than this.

An equally powerful probe of new physics involves the
interaction between the photon and the magnetic moment
of the muon. The Standard Model predicts that the muon’s
magnetic moment should differ from unity (in units of
efi/my) at the 10-3 level. The precision of this theoretical
prediction is now at 0.6 ppm. Recently, the E821 collabora-
tion at Brookhaven (see Figure 2.18) measured this so-called
muon anomaly with a precision of 1.3 ppm and found a 2.6
deviation from the Standard Model prediction—a deviation
that prompted theorists to recheck their calculations. The
subsequent correction of a sign error has now reduced the
discrepancy to 1.50. As more than 80% of the data remain
unanalyzed, the final result will provide a very stringent test
of contributions from hypothesized “supersymmetric”
partners of Standard Model particles. (The supersymmetric
generalization of the Standard Model is a leading candidate
for the new Standard Model.) While the magnetic moment
of the electron has been measured with considerably better
precision, the relatively larger mass of the muon makes its
anomaly 40,000 times more sensitive to the presence of pos-
sible supersymmetric particles. In addition to particle
physicists, cosmologists have a keen interest in the implica-
tions of this measurement, since one of the potential super-
symmetric contributors to the muon anomaly —the

neutralino—is also a favored candidate for dark matter.

Charged weak phenomena. Perhaps the most familiar
process involving a charged weak interaction is the one
responsible for the decay of ordinary matter: nuclear beta
decay. The study of nuclear beta decay has played a key role
in the development and testing of the Standard Model.
Among the features of the Standard Model that follow from
these studies are the violation of parity symmetry in charged
weak interactions and the so-called conserved vector cur-
rent, or CVC, relationships. Both of these features are

reflected in the basic group theoretical structure of the



Standard Model. The CVC relationships, which have been
confirmed to a few parts in 10* with nuclear beta decay
(more specifically, the so-called superallowed Fermi beta
decays have been used for this purpose), imply simple rela-
tions between charged weak interactions of light quarks and
various light-quark electromagnetic properties. In addition,
a comparison of nuclear beta decay with muon decay pro-
vides the most precise information about the way different
flavors of quarks mix through the weak interaction. This
mixing, which is also predicted by the Standard Model,
implies that the “down”-type quark that participates in
weak processes such as beta decay is not quite the same as
the down quark that participates in strong interactions. In
the Standard Model, this mixing is characterized by the
CKM quark-mixing matrix, whose entries are determined
from experiment. The most precisely measured of these
entries is V,;—the one governing beta decay, in which a
down quark is transformed into an up quark (or vice versa).
A comparison of V,; with other entries in the quark-mixing
matrix also provides important information about the possi-
ble structure of the new Standard Model.

Studies of nuclear beta decay have also been used to

establish limits on the possible existence of right-handed

charged weak interactions (which do not exist in the
Standard Model) and an exotic class of effects known as
second-class currents, whose presence is forbidden by the
isospin symmetry of strong interactions among light quarks.
In addition to studying nuclear and neutron beta decay,
nuclear physicists are also making important contributions
to the study of the weak decays of pions and muons. The
results from these experiments also confirm the Standard
Model predictions with a high degree of accuracy and, with
the advent of improved experimental precision, are poised to

uncover signatures of new physics at the TeV scale.

The study of superallowed nuclear beta decay, as well as
neutron and pion beta decays, has taken on added interest
recently in light of the superallowed results for V, ;. The
Standard Model requires that

Via?+ Vs P+ Vi =1

where V,; is determined from kaon decays and V,, is taken
from the decay rates for B mesons. This requirement on the
quark-mixing matrix is referred to as unitarity. At present,
the experimental values for the |V;| yield a sum falling below

unity by slightly more than two standard deviations. If we

Figure 2.18. A crack in the Standard Model? The superconducting storage ring at Brookhaven is
currently being used to measure the muon anomalous magnetic moment, g — 2, to a precision of
better than 1 ppm. Comparing experiment to theory provides a sensitive test of the Standard Model
and proposed extensions. In fact, a recently published experimental result differed significantly
from theory, prompting a reevaluation of the underlying theory and the discovery of an error. With
80% of the data yet to be analyzed, the physics community is watching this situation closely.

Photo courtesy of Ripp Bowman.



are unable to explain this deviation in terms of conventional,
strong-interaction corrections, then we must look for a
solution in terms of new physics. For example, the presence
of aright-handed charged gauge boson, W, which mixes
slightly with the corresponding left-handed boson, W, of
the Standard Model, could be the culprit. Similarly, effects
involving virtual, supersymmetric particles—analogous to
those entering the muon anomaly —or new tree-level super-
symmetric interactions that transform leptons of one flavor
into another, could produce an apparent violation of the

unitarity requirement.

The potential implications of apparent quark-mixing
nonunitarity underline the importance of testing the experi-
mental and theoretical input entering the V}; determinations.
To that end, new experiments are under way at NIST to
extract V,; from measurements of the neutron lifetime and
at LANSCE from measurements of the parity-violating
asymmetry. A complementary measurement of V,; could
also help resolve the quark-mixing unitarity question. A
new experiment proposed at Brookhaven could produce a
more precise value for V,, whose current value was deter-
mined nearly 25 years ago. While the current uncertainty in
|V,,2 is smaller than the apparent unitarity deviation, com-
pletion of a new measurement would solidify confidence in
this parameter’s contribution. (The magnitude of V,;, is too

small to have an appreciable effect on the unitarity test.)

Other low-energy, charged-weak-interaction measure-
ments will also contribute to our picture of the new
Standard Model. In particular, a new measurement of the
parameters that describe the decay of polarized muons—the
Michel parameters—is planned at TRIUMF, with an expected
improvement in experimental precision of 25- to 60-fold.
Plans also exist for new measurements of parity-violating
asymmetry parameters in nuclei such as rubidium or francium

using atom traps.

Rare and forbidden processes. The symmetries of the
Standard Model imply that various weak processes are
either forbidden or highly suppressed —that is, rare. These
symmetries include (i) lepton family number (L) conserva-
tion, in which, for example, electrons and their neutrinos
cannot be transformed into muons or muon neutrinos; (i1)
baryon number (B) conservation, in which the net number
of quarks compared to antiquarks is not changed; and (ii1)
time-reversal invariance (T), according to which the dynam-

ics of lepton and light-quark interactions do not depend on
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whether time runs forward or backward. In the Standard

Model, B - L is conserved as well, though this symmetry is
“accidental” and not the result of any deep theoretical con-
sideration. The new Standard Model may not respect these
symmetries, and any experimental discovery of their viola-
tion would provide important clues about the nature of the

new theory.

Nuclear physicists are involved in a number of such sym-
metry tests (see “Looking for the Super Force,” pages
74-75). In particular, the violation of T would imply the
existence of a permanent electric dipole moment (EDM) of
the neutron, electron, and/or neutral atoms. In classical,
everyday physics, an EDM arises when two electric charges
having opposite signs become permanently separated.
Examples include ordinary molecules in which the average
position of the valence electrons is separated from the center
of the oppositely charged nucleus. For pointlike (or quasi-
pointlike) objects such as an electron or neutron, however,
quantum mechanics implies that the interaction of an EDM
with a photon can only result when T is not respected. In
the electroweak sector of the Standard Model, T is violated,
though at a level currently beyond the ability of physicists
to detect. The neutron EDM is correspondingly highly
suppressed (1032 ¢ cm), since it is generated by compli-
cated effects involving virtual heavy quarks and gluons.
Cosmological considerations, however, suggest the exis-
tence of a neutron EDM having a considerably larger mag-
nitude, whose origins would lie in some version of the new
Standard Model. The predominance of matter over anti-
matter in the universe implies that T must have been violated
during the evolution of the universe. (Strictly speaking,
these arguments require the presence of CP violation,
which, according to CPT conservation, implies T violation.)
While the Standard Model provides for T violation among
heavy quarks in accordance with the observation of T-vio-
lating decays of kaons and B mesons, the magnitude of this
T violation is not sufficient to have produced the observed

matter-antimatter mismatch.

Scenarios for the new Standard Model that provide the
requisite level of T violation also predict a neutron EDM in
the vicinity of 10-28 ¢ cm. Although current limits on EDM
measurements fall short of this range (~10-25 ¢ cm), new
efforts are under way to improve these limits by two to four
orders of magnitude, using cold and ultracold neutron
methods. The implications of such improved sensitivity can

be seen by noting that several scenarios for the new



Looking for the Super Force

Physicists have long believed that, when the universe was
born, all the known forces of nature were unified into a sin-
gle “super force.” According to this picture, as the fireball of
the Big Bang cooled during the evolution of the universe, the
super force broke apart into different elements, namely, the
gravitational, strong, weak, and electromagnetic forces
familiar to us today. Although physicists have arrived ata
partial description of the way in which these forces were uni-
fied at the inception of the universe, the current theory —the
so-called Standard Model—is incomplete. It does not
explain, for example, why the universe contains more matter
than antimatter. Nor does it tell us how the strengths of the
four known forces of nature become the same as we look
back in time toward the earliest moments of the universe.
And a quantum mechanical treatment of gravity is entirely
missing from this theory.

The development of a more complete description remains
one of the most compelling lines of research in physics today.
One of the most powerful ideas used in this research is the
idea of symmetry. Physicists believe that the universe was an
exquisitely symmetric system at its birth. The breaking apart
of the super force meant that, as the universe evolved, some
of its original symmetry was lost, or “broken.” One aspect
of that symmetry involves the handedness of various parti-
cles. Just like humans, particles can be either left- or right-
handed. When the universe was born, the super force did
not distinguish between left- and right-handed particles—a
symmetry known as “parity.” We now know, however, that
the weak interaction, which describes phenomena such as
radioactive decay, involves only left-handed particles. In
short, this interaction violates parity symmetry, and it does

so to the maximum extent possible. How, then, did the sym-

metric universe evolve to render one (and only one) of the

known forces entirely unsymmetric?

A variety of nuclear physics experiments now under way
should provide important clues to the answers to such
questions as this, at the same time testing various theoretical
ideas about what lies “beyond” the Standard Model. Unlike
experiments in high-energy physics, which involve colli-
sions between very high-energy particles such as electrons
and positrons, nuclear physics experiments involve processes
at much lower energies. Moreover, these experiments must
be extraordinarily precise, since most of the theoretical
models for an “improved” Standard Model predict very
small—but perceptible —deviations from the outcomes pre-
dicted by the current theory.

A number of these ongoing experiments exploit the
parity-violating property of the weak interaction to filter
out its effects from the other forces. At Los Alamos, for
example, experiments are under way to study the parity-
violating beta decays of neutrons. Similar experiments are
either under way or planned at SLAC and Jefferson Lab to
observe the parity-violating scattering reactions of elec-
trons with other electrons and protons, respectively. The
results of these measurements could teach us about the
existence of previously unobserved heavy particles that
might have been responsible for making the weak inter-
action parity-symmetric earlier in the universe’s life. These
measurements could also test for the presence of another
symmetry —called “supersymmetry” —which predicts the
existence of a very heavy partner particle for each of the
currently known elementary particles. The existence of
these “superpartners” may be responsible for the observed
deviation of the muon anomalous magnetic moment from
the value predicted by the Standard Model, and
they could cause similar deviations in precise,

low-energy parity-violation experiments.

Nuclear physicists at Los Alamos are undertak-
ing another measurement that will shed light on

the observed predominance of matter over anti-

E158 at Stanford. The photograph shows the liquid
hydrogen target chamber and the giant dipole and
quadrupole magnets of the E158 forward-angle spec-
trometer under construction at SLAC. E158 is designed
to measure the tiny weak force between two electrons
to search for clues to a new “superweak” force.



matter in the universe. This measurement involves a
search for a permanent electric dipole moment (EDM) of
the neutron, which would arise if the positively and nega-
tively charged quarks in the neutron are, on average, spatially
separated. The existence of an EDM is related to the matter-
antimatter asymmetry, since both require the breakdown
of “CP symmetry.” We already know that CP symmetry
is broken, as a result of studies of neutral K meson decays.
Although the Standard Model contains enough CP violation
to explain these decays, it does not provide a sufficient
amount to account for the predominance of matter over
antimatter in our universe. Theoretical models that do
provide the requisite CP asymmetry also predict the exis-
tence of a neutron EDM large enough to be seen in the new
experiments. Thus, the EDM search should test whether
these ideas are right and help us understand why matter

predominates in the observed universe.

Precision symmetry tests in nuclear physics have also
found a new application in the study of low-energy strong
interactions. While the theory of the strong force is well
tested in high-energy scattering experiments, the ways in
which it binds quarks and gluons into nucleons and nuclei
remain only partially understood. Measurements of parity-
violating weak interactions between electrons and nucleons
and between two nucleons are poised to shed new light on
the low-energy strong interaction. The recent program of
parity-violation experiments at MIT and Jefferson Lab
have shown that—over certain distance scales in the nucle-
on—the “sea” of strange quarks in the nucleon’s interior
contributes very little to its electromagnetic properties,
contrary to a variety of theoretical predictions. Additional
parity-violation experiments now under way will extend
these initial studies to cover other distance scales. Moreover,
the MIT experiment has uncovered a new mystery involving
the effects of the nucleon “anapole moment” on the weak
electron-nucleon interaction, suggesting that its effects
may be considerably larger than predicted by theory. The
anapole moment of the cesium nucleus has also recently
been measured in atomic physics experiments, and its effects
are similarly in disagreement with theoretical expectations.
The anapole moment arises from a complicated interplay
of strong and weak interaction effects, and understanding
it could have potentially important implications for the
interpretation of other precision weak-interaction meas-
urements. A new measurement of radiative neutron cap-
ture on the proton, being carried out at Los Alamos, may

provide new insights into the anapole moment puzzle.
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Standard Model have already been ruled out by the current
neutron EDM limits. These current limits have also posed
important challenges for quantum chromodynamics
(QCD)—the strong sector of the Standard Model —where T
violation arises through a term parameterized by a quantity
8qcp- The present neutron EDM limits imply |8qcp| <

6 % 10-19, which is unnaturally small compared with the
other QCD parameters. (A recent limit on the EDM of
199Hg has tightened the constraint on 6cp by a factor of
four.) This situation has motivated considerable work in
particle theory, leading, for example, to the proposal of a
new light particle, the axion, that might contribute to the
dark matter.

Time-reversal symmetry may also be broken in a way
that respects parity invariance, and a number of searches for
such effects are under way. The emiT collaboration has pro-
duced new limits on the T-violating, parity-conserving cor-
relation between the spin of the neutron and the momenta
of its daughters in neutron beta decay. A measurement of a
similar correlation coefficient for 37K using neutral atom
traps is being undertaken at TRIUME. Future measure-
ments of parity-conserving, T-violating effects using
hadron-hadron scattering may also be pursued at TRIUMF
and COSY, while new studies of T-violating, parity-con-
serving correlations in polarized, epithermal neutron trans-
mission in heavy nuclei is a possibility for the SNS. Recent
theoretical work has demonstrated that such studies com-
plement EDM searches, which are sensitive to parity-con-

serving T violation only under specific assumptions.

Tests of B and L conservation have reached similarly
impressive levels of precision. While the implications for
nucleon decay of possible B nonconservation, as predicted
in many new physics scenarios, have fallen within the
purview of particle physics, nuclear physicists could, in
principle, look for B nonconservation via -7 oscillations
with high-intensity neutron sources. Such oscillations
transform quarks into antiquarks, thereby changing the net
number of quarks versus antiquarks. In the leptonic sector,
the most stringent tests of L conservation have been per-
formed by searching for muon to electron conversion in
nuclei and for the radiative process 4 — ey. Such transitions
can occur, for example, in supersymmetric grand unified
theories (SUSY GUTs), whose predicted branching ratios lie
below current experimental limits. Future experiments at
PSI (U — e}) and Brookhaven (i-e conversion) will improve

on the current experimental limits by several orders of mag-



nitude, making them sensitive to SUSY GUT predictions.
Conversion in nuclei offers particular advantages, since the
coherent exchange of virtual photons can be sensitive to
properties of L-violating new physics not accessible with
real photons. Searches for another type of L-violating
process—neutrinoless double beta decay —have important
implications for the identity and mass of the neutrino (see
pages 81-82).

Weak probes of hadron structure. Historically, studies of
weak interactions of hadrons have been motivated by a
desire to test the Standard Model prediction for the weak
interaction involving quarks only. The present success of
the Standard Model, however, has changed the motivation
for these studies. Weak quark-quark interactions are com-
plicated by their interplay with strong interactions, and the-
orists’ ability to compute the latter in the context of QCD
has yet to reach the level with which purely electroweak
processes can be predicted. Consequently, attention has
shifted to viewing the hadronic weak interaction as a ool for
probing low-energy QCD. This new emphasis has two pri-
mary facets: (i) semileptonic weak probes of the structure of
hadronic systems and (ii) the study of parity-violating,

purely hadronic phenomena.

During the past decade, a well-defined program of meas-
urements has been developed whose goal is to study the spa-
tial distribution and magnetic properties of strange quarks
in the nucleon, using parity-violating scattering of polarized
electrons from hadronic targets. The resulting asymmetries
arise from the interference of the parity-conserving electro-
magnetic amplitude and the parity-violating neutral weak
amplitudes. Since the former have been well studied over
the years with electron-scattering experiments, these asym-
metry measurements provide information on the neutral
weak e~N interaction. A comparison of the latter with the
electromagnetic e~N interaction allows one to determine the
contributions of strange quarks in the nucleon to the elec-

tromagnetic properties of the nucleon.

These experiments are of keen interest to hadron struc-
ture physicists. In the simplest model approximation for
the structure of the nucleon, only up and down quarks
contribute to its low-energy properties. High-energy,
deep inelastic scattering experiments, however, imply that
the structure of the nucleon is considerably more compli-
cated, involving both valence up and down quarks as well
as a “sea” of gluons and quark-antiquark pairs. Since

strange quarks occur in the nucleon only as part of the sea,
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the parity-violation experiments provide for the first time
a means of isolating sea quark contributions to the low-
energy electromagnetic properties of the nucleon. The
results of this program will reveal whether sea quarks are
essentially inert at low energies, or whether their effects
are hidden in the phenomenological parameters of simple
nucleon models. Given the importance of this question,
considerable theoretical work using lattice QCD, disper-
sion theory, chiral perturbation theory, and other methods
has been motivated by these measurements at MIT-Bates,
Jefferson Lab, and Mainz.

The measurements at MIT-Bates have also determined the
neutral weak “axial vector” e"N interaction. A comparison of
the result with the charged weak amplitude entering neutron
beta decay —after taking into account higher-order elec-
troweak effects—has revealed a discrepancy with theory hav-
ing potential implications for the interpretation of other
high-precision semileptonic measurements. A measurement
of parity-violating electron-nucleus scattering is also planned,
using a lead target, to determine the neutron distribution in
heavy nuclei. The results of this measurement may also pro-
vide important insights into the nature of neutron stars as
well. While not intended as a nucleon structure study, the lat-
ter measurement illustrates the use of the weak interaction to

probe new aspects of many-body nuclear dynamics.

A number of new studies of parity-violating, purely
hadronic processes are also under way. Of particular inter-
est is the long-distance component of the parity-violating
NN interaction. Since the W* and Z° bosons, which medi-
ate weak interactions among quarks, are almost 100 times
heavier than the nucleon, direct exchange of these particles
between nucleons in a nucleus is highly suppressed.
Consequently, the long-range, parity-violating NN force is
mediated by the exchange of pions, where one of the parity-
violating 7N interactions results from weak interactions
among light quarks. Recent theoretical work has shown
that this interaction could be sensitive to the effects of light,
nonstrange sea quarks and to the consequences of the break-
down of chiral symmetry in QCD. Experimentally, dis-
crepancies exist among various determinations of the
long-range parity-violating NN force. Measurements of the
photon polarization in the decay of 18F are consistent with
no effect, whereas the recent determination of the cesium
anapole moment (a parity-violating moment that can be
probed by virtual photons), taken in conjunction with

results from parity-violating pp scattering, implies a sizable,



nonzero effect. Future measurements in few-body systems
could help resolve this puzzle, providing important input to
hadron structure theorists. A measurement of the asymme-
tryin#Z +p — d + yisunder way at Los Alamos, while a
future measurement of neutron spin rotation in helium is

planned for NIST and possibly the SNS.

Neutrons and the new Standard Model. One “nucleus,”
the neutron, provides a particularly simple laboratory for
studying beta decay —the lifetime and the angular correla-
tions and polarizations of the produced proton, electron,
and antineutrino—and for probing new particle properties
such as EDMs.

The pure vector—axial vector nature of the Standard
Model leads to a maximal violation of parity, or mirror sym-
metry. Why nature should violate mirror symmetry is not
understood, but one popular notion is that the violation is a
low-energy phenomenon: The larger grand theory that
describes physics at high energies beyond the Standard
Model would be left-right symmetric. The new interactions
responsible for the symmetry restoration at high energies
would have some consequences in our low-energy world,
however, including subtle departures from the exact vec-
tor—axial vector Standard Model predictions for neutron

beta-decay angular correlations.

Neutron beta decay has the potential to clarify the uni-
tarity discrepancy in the quark-mixing matrix discussed
earlier. The measurements of |V, 4| have been done both
with complex nuclei and with neutrons. Studies on com-
plex nuclei are complicated by the need to correct the
experimental results for the effects of isospin mixing in
the nuclear wave functions and for a variety of radiative
phenomena associated with the Coulomb field of the
nucleus. Itis not currently clear that more accurate beta-
decay studies in complex nuclei will improve the accuracy
of the unitarity test, because of the inherent theoretical
uncertainties in the radiative correction calculations.
Thus, progress may depend on improved neutron beta-

decay studies.

The extraction of |V, 4| requires experimenters to com-
bine measurements of the neutron lifetime and the angular
correlations between the spin vector of the neutron and the
momentum vector of the emitted electron. Although accu-
rate and consistent measurements of the neutron lifetime
have been done, the neutron-beta asymmetry results

obtained with cold neutron beams at reactors have yielded
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inconsistent results. These experiments typically face several
serious challenges. One is a determination of the neutron
polarization, which is done by reflecting the neutron beam
from a magnetized multilayer supermirror. The polariza-
tion varies with neutron wavelength and with the position
and angle in the neutron beam, complicating the polariza-
tion measurement. A second complication is the small frac-
tion of neutrons that decay while passing through the
spectrometer (typically one in 106). The remaining neu-
trons are a source of background. Finally, the detectors that
observe the emitted electron must have an extremely well-
characterized response. In order to minimize these system-
atic effects, new techniques have been developed that
employ pulsed cold neutron beams at accelerators and ultra-
cold neutrons (UCNSs), which are neutrons that have such
low velocities that they can be held in bottles for long peri-
ods, making a compact source of neutrons. With intense
sources of pulsed cold neutrons and UCNs coming on-line
soon, and with even higher-intensity sources being
designed, there is the prospect for significant experimental

progress (see Figure 2.19).

Similar opportunities exist for improving limits on the
neutron EDM. As discussed previously, elementary parti-
cles, as well as composite systems such as the neutron and
nuclei, can have EDMs—a separation of charge along their
spin directions —only if both parity and CP/T are violated.
The increased precision of recent neutron EDM searches
has come from using intense sources of UCNs, which
reduce systematic effects associated with motional magnetic
fields. An experiment currently running at ILL should
yield, by 2004, a tenfold improvement in sensitivity. The
recent development of superthermal sources of UCNs will,
because of their higher intensities, allow further significant

progress.

New Neutrino Physics

Nuclear physics has a long and distinguished role in neu-
trino physics (see “A History of Neutrinos,” page 78). The
neutrino was postulated 70 years ago in order to maintain
energy conservation in nuclear beta decay. The prediction
that nuclear fusion in the solar core would produce an enor-
mous flux of neutrinos led Ray Davis, a nuclear chemist, to
launch the field of neutrino astrophysics. The startling dis-

covery he made—a solar neutrino flux only one-third of that



A History of Neutrinos

In the 1930s a crisis arose in nuclear physics. It appeared
that energy was not conserved in beta decay. Wolfgang
Pauli therefore proposed the existence of the neutrino to
save this fundamental principle, but the particle would not
be observed experimentally for another 25 years. Neutrinos
are uncharged, interact only weakly, and are very difficult to
detect. Now we know there are actually three kinds of neu-
trinos, the electron neutrino of beta decay, the muon neutrino,

and the tau neutrino.

In 1968 a bold experiment was built by Ray Davis and his
collaborators deep in the Homestake gold mine. They wanted
to see if the sun was indeed powered by thermonuclear fusion,
as proposed by Hans Bethe; neutrinos emitted by the sun
would be a clear signature of this process. The experiment,
using 3Cl nuclei in 615 tons of cleaning fluid, successfully
observed the postulated neutrinos, but the number seen was

only about a third of the number expected.

It was widely supposed that either the experiment or the
solar model was flawed, but Bruno Pontecorvo suggested that
electron neutrinos might “oscillate” into some mixture of elec-
tron and muon neutrinos. Since the experiment was not sensi-

tive to muon neutrinos, the flux would appear to be too low.

With the development of the Kamiokande, Soviet-
American Gallium, GALLEX, and SuperKamiokande
experiments, it became clear in the 1990s that only new neu-
trino properties could explain the observations. Neutrino

oscillations fit the data well. In addition, data from

SuperKamiokande and other experiments on neutrinos pro-
duced in the Earth’s atmosphere gave compelling evidence
that muon neutrinos were converting into tau neutrinos.
Travelling the distance of the Earth’s diameter, however, the

electron neutrino was unchanged.

The Sudbury Neutrino Observatory was built to pro-
vide direct evidence for or against the presence of other
flavors in the solar flux. The target consists of 1000 tons
of heavy water (deuterium oxide), where neutrinos can
induce three different kinds of reaction. The charged-
current reaction is sensitive only to the electron neutri-
nos from 8B decay in the sun, the neutral-current reaction
is equally sensitive to all three flavors, and the elastic
scattering reaction is sensitive mainly to electron neutri-
nos but also, with a cross section only one-sixth as big, to
muon and tau neutrinos, as well. First results from SNO,
when combined with the SuperKamiokande results, pro-
vide strong evidence that electron neutrinos oscillate.
This observation has confirmed our understanding of
how the sun generates energy. The evidence for neutrino
oscillations also provides the first strong evidence for
new physics beyond the Standard Model. Future experi-
ments will provide much more detailed information
about the effect of neutrinos on the evolution of the uni-
verse, whether there are sterile neutrinos (that is, neutri-
nos that do not have the normal weak interaction
couplings), and whether CP and CPT are valid symme-

tries in the neutrino sector.

Counting nature’s phantoms. The SNO neutrino detector, shown
here before it was filled with water, is located 2000 m underground at
the Creighton mine in Canada. The geodesic structure that supports
the detector’s 9500 photomultiplier tubes is shown inside the rock
cavity excavated for the detector. The complete detector contains
7000 tons of ultrapure water, surrounding a 12-m-diameter transpar-
ent acrylic sphere filled with 1000 tons of ultrapure heavy water.



predicted by models of the sun—very recently led to the first
evidence for physics beyond the Standard Model. We now
know that neutrinos have mass and can change their identi-
ties as they propagate. The implications of such phenomena
touch issues ranging from the nature of the dark matter that
pervades the universe to the description of the elementary

forces at energies far beyond the reach of accelerators.

Solar and atmospheric neutrinos. Davis’s work was orig-
inally motivated by the desire to better understand the
nuclear reaction chains that govern the synthesis of four
protons into a helium nucleus deep in the solar core. The
result of competition among various reaction chains
depends sensitively on the solar core temperature and other
astrophysical parameters. The neutrinos produced as a by-
product of these nuclear reactions carry, in their fluxes and
spectral distribution, a detailed record of the reaction
chains. Thus, a careful program of experiments—both solar
neutrino flux measurements and laboratory experiments to
determine the strength of the nuclear reactions by which the
sun produces neutrinos —could test whether our under-

standing of the solar interior is complete.

However, because neutrinos react so weakly, they can be
detected only through heroic experiments involving, typi-
cally, kiloton detectors and event rates measured in a few
counts per day. These experiments must be conducted deep
underground to escape backgrounds arising from cosmic
rays. Davis’s radiochemical chlorine detector recorded pri-
marily the highest-energy solar neutrinos, those produced
in the beta decay of 8B in the solar core. His result has now
been confirmed in experiments carried out with water

Cerenkov detectors within a mine in Japan. The second of

these, SuperKamiokande, measures solar neutrinos event by
event. The results confirm that the 8B neutrino flux is less
than half that predicted by the standard solar model. In
addition, two radiochemical experiments employing gallium
targets have confirmed that the low-energy solar neutrino

flux is also less than the standard solar model prediction.

The pattern of solar neutrino fluxes that emerged from
these experiments was very difficult to reconcile with plausi-
ble changes to the solar model. Many in the scientific com-
munity therefore began to suspect that, instead, new particle
physics was the correct explanation. The leading hypothesis
became neutrino oscillations, a phenomenon forbidden in
the Standard Model, which requires neutrinos to be massless.
If, however, neutrinos have small masses, then the electron-
type neutrinos produced by solar fusion reactions can be
transformed into neutrinos of a different type (or flavor) as
they travel from the solar core to the Earth. As the solar
neutrino detectors mentioned above have either a diminished
or no sensitivity to other neutrino flavors, these transformed

neutrinos would then appear to be “missing.”

This proposed solution would have far-reaching conse-
quences. The Standard Model has withstood two decades of
high-precision accelerator and nonaccelerator tests; the dis-
covery of neutrino mass would be the first hint of physics
beyond that model. In many theories, neutrino masses are
connected with physics at very high energies, far beyond the
reach of the most powerful particle accelerators. Neutrino
masses could have profound implications for cosmology,
perhaps providing part of the invisible dark matter that
appears to influence the expansion of our universe and the

formation of galaxies and other “large-scale structure” within

—| Figure 2.19. A role for cold neutrons. Measurements of

4 the asymmetry of neutron beta decay (see text) determine
4 the ratio of the axial to vector coupling constants, G, /Gy
4 Measurements of the neutron lifetime 7,, and muon decay
4 connect this ratio with V4 an element of the quark-mixing
= matrix. The ranges allowed for G, /G|, measured by four
recent experiments at reactors, are shown, together with
the precision expected in proposed experiments using
pulsed cold neutrons and ultracold neutrons (UCNs). The
blue ellipse shows the precision anticipated when the new
measurements are combined with the existing value of T,
An improved measurement of 7, using UCNs, now under
way, should substantially reduce the uncertainty in that
parameter, leading to a further reduction in the uncertainty
in V4 and a resolution of the inconsistency between val-
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Figure 2.20. Experiments underground. This equipment for the
Borexino solar neutrino experiment is shown in Hall C of the
underground Gran Sasso Laboratory in Italy.

it. Neutrino oscillations could also affect supernovae, the
violent explosions marking the deaths of massive stars, as

well as the synthesis of new elements by such explosions.

These exciting implications make the resolution of the
solar neutrino problem all the more urgent. The Super-
Kamiokande detector was the first of a new generation of
experiments allowing high count rates and event-by-event
detection of solar neutrino interactions. The detector con-
sists of 50 kilotons of ultrapure water, surrounded by 13,000
phototubes, which record the light produced when solar
neutrinos scatter off electrons in the water. To avoid cosmic-
ray backgrounds, the experimenters built the detector deep
underground in the Kamioka mine. The second such detec-
tor, the Sudbury Neutrino Observatory (SNO), is now
operating in a nickel mine in Ontario, Canada, 2100 m
below the surface. Built by a Canada-U.S.-U.K. collabora-
tion, SNO’s central vessel contains 1000 tons of heavy
water. A third detector, Borexino, is now being prepared in
the Gran Sasso Laboratory in Italy (Figure 2.20). This
experiment is designed to measure lower-energy neutrinos

produced in the solar core.

The SuperKamiokande and SNO detectors both measure
the high-energy 8B neutrinos, but with a subtle difference.
The nuclear reaction used in SNO, vV, +d - p+p + e, is
triggered only by electron neutrinos. The electron scatter-
ing reaction in SuperKamiokande, V, + e~ - V, + e, though
primarily sensitive to electron neutrinos, is also triggered by

muon and tau neutrinos (the other neutrino flavors). The
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SNO experiment very recently reported the results from its
first year of data-taking. The rate of neutrino events is less
than that seen in SuperKamiokande, with the difference
being significant at a confidence level exceeding 99.9%.
This is the first demonstration that a substantial portion
of the solar neutrino flux—on reaching Earth—is no
longer of the electron type. By exploiting another reac-
tion, V+d — n+p + V, SNO can operate in a second mode
to measure the neutrino flux independent of flavor. Thus,
the missing neutrinos should soon be seen directly in the
SNO detector.

SuperKamiokande has also exploited a second neutrino
source, the Earth’s atmosphere, where neutrinos are pro-
duced by cosmic-ray interactions. These higher-energy
neutrinos travel different distances to the detector, depend-
ing on whether they are produced above the detector or on
the opposite side of the Earth. This permits the experi-
menters to conduct a powerful test of oscillations, as oscilla-
tion probabilities vary with distance. A distinctive signal
emerged from the SuperKamiokande atmospheric neutrino
measurements, with the neutrinos from below sharply
reduced in flux compared to the neutrinos from above. A
careful analysis shows that the atmospheric oscillations

involve muon neutrinos transforming into tau neutrinos.

Some remarkable conclusions can be drawn from this
new neutrino physics. Neutrino oscillations depend on the
difference in the squares of neutrino masses, o2 = m3 — m3.
The value dm? 00.003 eV2, deduced from the atmospheric
oscillation results, places a lower bound on neutrino masses:
At least one neutrino must have a mass 2 v0.003eV ~ 0.05 eV.
It follows that neutrinos must be a significant component of
particle dark matter. The cosmological background neutri-
nos produced in the Big Bang are at least as important as the
visible stars in contributing to the mass of the universe. A
second consequence of this mass is connected with a popu-
lar explanation for why neutrinos are so much lighter than
their charged partners. The “seesaw mechanism” relates the
tau neutrino mass to the tau mass mp and to the new high-
energy scale Mp: m, ~mp/Mpg. The atmospheric neutrino
results thus yield Mz ~ 0.3 x 1015 GeV, a value similar to the
grand unification scale of ~1016 GeV. Thus, it is possible
that the new neutrino results are directly probing the
physics governing the next level of unification beyond the

Standard Model.

One puzzle also emerges from the atmospheric and solar

neutrino results. There was a theoretical prejudice —arising



in part from weak interaction patterns among the quarks—
that neutrino oscillation “mixing angles” would be small,
that is, that the states of definite mass would not be too dif-
ferent from the flavor eigenstates. In fact, the atmospheric
neutrino results require mixing angles that are maximal.
There are also indications that the solar neutrino results
favor large mixing angles. Perhaps this surprise is an impor-
tant clue to the pattern of physics beyond the Standard
Model.

Neutrino masses and double beta decay. As neutrino
oscillations probe only dm?2, rather than the absolute scale of
neutrino masses, we need other types of neutrino mass
measurements. One important class of such experiments
involves searches for the kinematic effects of nonzero neu-
trino masses. A massive electron neutrino will alter the
spectrum of electrons emitted in beta decay, whereas a mas-
sive muon neutrino will alter the energy of the muon pro-
duced in pion decay, 7 — p* + v, Thus, neutrino mass
limits —or neutrino masses—can be extracted in careful
studies of such reactions. Such spectral measurements have
a long history in nuclear physics: Wolfgang Pauli first pos-
tulated the neutrino in 1930 to preserve energy conservation

in beta decay.

Owing to its small energy release (18.6 keV) and attrac-
tive half-life (12.3 years), tritium beta decay has become a
favorite testing ground for the electron neutrino mass.
Experimenters carefully study the electron spectrum in
3H - 3He + e~ + V,, particularly near the electron endpoint
energy. A small neutrino mass will shift that endpoint
slightly, while producing a characteristic distortion of the
spectrum. The challenge is to distinguish that distortion,
given finite detector resolution, electron energy loss in the
tritium source, energy losses due to population of atomic

excited states in the decay, and other such systematic effects.

Such experiments constrain the quantity
mg=2|UPm?
12

where |U,,|? is the probability for the 7th neutrino mass eigen-
state to couple to the electron, and m; is the corresponding
mass. Over the past two decades, the precision of experi-
ments has improved almost a thousandfold, though many
have been plagued by troubling systematics that produced a
negative mj as the best value. This systematic is absent in

the most recent and precise data of the Mainz group, from
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which an electron antineutrino mass limit of 2.2 eV (95%

confidence level) has been deduced.

The Mainz experiments and most of the other recent tri-
tium experiments have involved large magnetic spectrome-
ters. The next-generation experiment of this type has as its
goal a mass limit of 0.5 eV. New types of detectors are also
under development, such as calorimeters based on rhenium
as a source, that promise 1-eV resolution and could measure

total energies (including atomic excitations).

Another important class of neutrino mass measurements
is connected with the question of the behavior of the neutrino
under particle-antiparticle conjugation. Most particle-
antiparticle pairs are distinct particles: The charges of the
electron and positron, for example, allow them to be readily
distinguished from one another. But what if there were a
particle with no electric charge and no charges of any other
kind? What would distinguish particle from antiparticle?
Among the Standard Model fermions, there is only one
example of such a particle—the chargeless neutrino. The
question of what distinguishes the neutrino from the anti-
neutrino turns out to be very profound, connected with the
nature of the neutrino’s mass. The possibility that the neu-
trino might be identical to the antineutrino allows the neu-
trino to have a special kind of mass—called a Majorana
mass —that violates one of the important conservation laws

of the Standard Model.

This question of the particle-antiparticle nature of the
neutrino is associated, in turn, with a very rare phenomenon
in nuclear physics. Certain nuclei exist that appear to be sta-
ble, but in fact decay on a time scale roughly 1012 times
longer than the age of our universe. This process, double
beta decay, involves a spontaneous change in the nuclear
charge by two units, accompanied by the emission of two
electrons and two antineutrinos. Following 30 years of
effort, double beta decay was finally detected in the labora-
tory about a decade ago. Itis the rarest process in nature
ever measured. Physicists are currently engaged in searches
for a still rarer form of this process, one in which the two
electrons are emitted without the accompanying antineutri-
nos. The existence of such “neutrinoless” double beta decay

directly tests whether the neutrino is a Majorana particle.

The observation of neutrinoless double beta decay would
have far-reaching consequences for physics. It probes not
only very light neutrino masses —current limits rule out

Majorana masses above ~1 eV —but also very heavy ones,



up to 1012 eV. It measures interference effects between the
various neutrino families not easily tested elsewhere. The
existence of Majorana neutrinos is the basis for the seesaw
mechanism discussed above, which explains why neutrinos
are so light and relates small neutrino masses to physics
occurring at energy scales 1012 times greater than those
accessible in the most powerful accelerators. The conserva-
tion law tested in neutrinoless double beta decay is connected,
in many theoretical models, with the cosmological mech-
anism that produced a universe rich in nucleons (rather than

antinucleons).

Recent experimental progress in this field has been rapid.
Thirty years of effort was required before two-neutrino
double beta decay, a process allowed by the Standard Model,
was observed in 1987. Today, accurate lifetimes and decay
spectra are known for about a dozen nuclei. This “standard”
double-beta-decay process is crucial to theory, providing
important benchmarks for the nuclear physics matrix ele-
ment calculations that are done to relate neutrinoless beta-

decay rates to the underlying neutrino mass.

Progress in searches for neutrinoless double beta decay
has been equally impressive. Extraordinary efforts to reduce
backgrounds by means of ultrapure isotopically enriched
materials, improved energy resolution, and shielding of cos-
mic rays and natural radioactivity have produced a “Moore’s
law” for neutrinoless double beta decay: a twofold improve-
ment in lifetime limits every two years over the past two
decades. The lower bound for the lifetime for this process in
the nucleus 76Ge, ~ 2 x 1025 years, corresponds to a Majorana
mass limit of 0.4-1.0 eV, with the spread reflecting uncertain-

ties in the nuclear matrix elements.

A new generation of experiments is now being proposed
to probe Majorana masses in the range of 0.03-0.10 eV, a
goal set in part by the value dm? ~ 0.003 eV2 deduced from
the SuperKamiokande atmospheric neutrino results. These
ultrasensitive experiments are confronting several new chal-
lenges. A new background— the tail of the two-neutrino
process—can be avoided only in detectors with excellent
energy resolution. Detector masses must be increased by
two orders of magnitude: The counting rate is a fundamen-
tal limit at the current scale of detector masses (~10 kg). As
the detector mass is increased, corresponding progress must
be made in further reducing backgrounds through some
combination of active shielding, increased depth of the

experiment, and purer materials.
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The current generation of experiments includes the
Heidelberg-Moscow and IGEX 76Ge detectors, the
Caltech-Neuchatel effort on 136Xe, and the ELEGANTS
and NEMO-3 190Mo experiments. All have comparable
goals (lifetime limits in excess of 1025 years) and comparable
masses (~10 kg). The Heidelberg-Moscow experiment has
acquired more than 35 kg-years of data and has established
the stringent lifetime limit mentioned above (2 x 1025 years).
All of these experiments are being conducted outside the

U.S., though several have U.S. collaborators.

The new experiments under consideration include
enriched 76Ge detectors, a cryogenic detector using 130Te,
100Mo foils sandwiched between plates of plastic scintillator,
a laser-tagged time-projection chamber using 136Xe, and
116Cd and 1Mo in Borexino’s Counting Test Facility. Some
of these proposals are quite well developed, while others are
still in the research and development stage. The detector
masses are typically ~1000 kg. Several proposed experiments
depend on the availability of enrichment facilities to produce

the requisite quantities of the needed isotopes.

These experiments represent a crucial opportunity to
advance the field of neutrino physics. If the dm?2 now
deduced from the atmospheric neutrino experiments is taken
as the scale of neutrino masses and if mixing angles are large,
then the prospects for finding neutrinoless double beta decay
in the next generation of experiments is excellent—if the
neutrino has a Majorana mass. Crucial in formulating a new
Standard Model incorporating massive neutrinos will be
information on the size of the Majorana masses and on the

charge conjugation properties of neutrinos.

Terrestrial neutrinos. Neutrino oscillations can also
be studied in controlled laboratory experiments, with the
neutrino source being a reactor or accelerator. There is
an exciting—and controversial —signal for oscillations
in one such experiment. The LSND collaboration has
found an excess of events attributable to electron anti-
neutrinos, signaling the oscillation v, — V,. The result
was unexpected, because it corresponds to a dm? different
from that found in the solar and atmospheric neutrino
experiments. As three neutrinos permit only two inde-
pendent mass differences, the LSND results then
require a fourth neutrino, one that is “sterile,” lacking
the usual weak interactions. The MiniBooNE experi-
ment at Fermilab is designed to verify or refute the
LSND findings.



While laboratory neutrino oscillation experiments have a
rich history, the atmospheric and solar neutrino results have
greatly stimulated the field by establishing target values for
the dm? values that must be reached in such experiments.
The smaller the value of dm2, the longer the distance the
neutrino must propagate before the effects of oscillations
can be detected —and thus the smaller the rate of neutrino
reactions in the target (since the flux drops off with distance
from the source). The atmospheric neutrino results have
therefore stimulated several “long baseline” experiments.
One will use Fermilab’s neutrino beam in conjunction with
a detector mounted in Soudan, an underground laboratory
in Minnesota. Another such experiment is already under
way in Japan. The initial results, while not definitive statis-
tically, show a reduced counting rate consistent with the
oscillation probability found in the SuperKamiokande

atmospheric neutrino measurements.

The dm2 favored by the solar neutrino experiments is still
smaller, and thus more difficult for terrestrial experiments to
probe. The first experiment to attempt to reach the neces-
sary sensitivity is under construction in Japan. The
Japanese-U.S.-Hungarian collaboration is “recycling” the
Kamioka solar neutrino detector, replacing the water with
liquid scintillator. The neutrino sources are various com-
mercial power reactors in Japan, which produce electron
antineutrinos as a by-product of nuclear fission. As these
reactors power up and down, the KamLAND experiment
will sample antineutrinos from different locations and thus

from different distances.

In conclusion. The field of neutrino astrophysics began
35 years ago with the efforts of nuclear physicists to under-
stand the mechanisms responsible for solar energy genera-
tion. In the past two years, this field—now a partnership
among nuclear physics, particle physics, and astrophysics—
has led to a dramatic discovery: Neutrinos have mass and
“mix” with one another. This finding demonstrates that our
current Standard Model of fundamental particle interactions
is incomplete. Italso provides our first clue to the nature of
physics beyond the Standard Model. The implications are
profound. Many theorists believe neutrino masses are related
to phenomena occurring at energies 1012 times those cur-
rently available at the largest accelerators. The first compo-
nent of the mysterious dark matter that pervades our
universe has been identified: Neutrinos are at least as impor-
tant as the visible stars in contributing to the universe’s mass

and energy budget. Neutrino mixing also has important
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implications for astrophysical phenomena ranging from Big

Bang nucleosynthesis to supernova explosions.

For example, neutrino oscillations could hold the key to
the spectacular stellar explosions known as core-collapse
supernovae. At the end of stellar evolution, a massive star
forms an inert iron core that eventually collapses under its
own weight, forming a neutron star or black hole. During
this process, the outer mantle of the star is ejected, enriching
the interstellar medium in new nuclei. While the supernova
mechanism is poorly understood — most numerical simula-
tions fail to produce successful explosions—it is believed
that the neutrinos radiated by the newly formed neutron
star help the mantle ejection. Almost all of the energy liber-
ated in the core collapse is carried off by these neutrinos. If
neutrinos undergo oscillations, the energy deposited by
neutrino reactions in the star’s mantle can increase, aiding
the explosion. Neutrino oscillations can also affect the neu-
tron/proton chemistry of the nucleon gases blown off the
star. Important processes in nucleosynthesis are governed
by this chemistry. Thus, it is quite possible that neutrino
oscillations alter supernova nucleosynthesis in an important
way. In particular, the rapid neutron-capture process, or r-
process, by which about half of the heavy elements found in
our galaxy were produced, is particularly sensitive to such
effects. Thus, it could be that a fossil record of supernova
neutrino oscillations lies hidden in the abundance pattern of

the heavy elements.

Qutlook

The present generation of solar neutrino experiments,
including SNO and Borexino, will be in full operation dur-
ing the next five years. There are also efforts under way to
probe neutrino oscillations under the controlled conditions
allowed by accelerator and reactor neutrino sources:
Nuclear physicists are playing major roles in experiments
such as KamLAND and MiniBooNE. Both classes of
experiment have the opportunity to shed considerable light

on the issue of neutrino masses and mixing angles.

The discoveries with solar and atmospheric neutrinos are
now stimulating new experiments. The long-standing puz-
zle of the behavior of the neutrino under charge conjuga-
tion—Is the neutrino its own antiparticle? —may be
resolved by new efforts to detect double beta decay, using

detectors that are a hundred times more massive than those



currently employed in this field. Itis also already clear that
a new generation of solar neutrino experiments will be
needed beyond SNO and Borexino to study low-energy
neutrinos. Finally, there is great interest in supernova neu-
trino observatories that can monitor our galaxy continuously

for core-collapse supernovae.

Neutrino experiments—as well as experiments on double
beta decay, dark matter, and nucleon decay —must be con-
ducted deep underground to escape backgrounds associated
with cosmic-ray muons. The next-generation experiments
will be so sensitive that they need overburdens of more than
amile of rock. The importance of these experiments became
apparent during the long-range planning process and has led
the nuclear science community to propose construction of
the world’s deepest and most sophisticated underground
laboratory as a principal component of our long-range plan.
The National Underground Science Laboratory would pro-
vide opportunities not only in nuclear science, but also in
high-energy physics, earth science, geomicrobiology, and a
variety of applied fields. The closure of the Homestake
mine in Lead, South Dakota, presents an exceptional oppor-

tunity to realize this initiative.

Standard Model tests in nuclear physics extend far
beyond neutrinos. The nucleus is a versatile laboratory
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for isolating new interactions and for testing important
symmetries. Experiments on superallowed beta decay
and on the anomalous magnetic moment of the muon are
placing important constraints on possible departures from
the Standard Model. The baryon number asymmetry of
our universe is motivating ever more sensitive searches for
violations of time-reversal symmetry, manifested as
nonzero nuclear and neutron electric dipole moments.
Furthermore, our understanding of Standard Model weak
interactions between nucleons is still incomplete, motivat-
ing studies of parity violation in nucleon scattering and

within nuclei.

As the simplest unstable nucleus, the neutron is a special
candidate for such studies. The community’s Neutron
Initiative will develop intense pulsed sources of cold neu-
trons and ultracold neutrons (UCNs). We have a unique
opportunity for advancing fundamental neutron physics by
developing a high-intensity, pulsed cold neutron beamline at
the SNS. Recent technical advances have also opened the
door to new sources of UCNs. A UCN facility in the U.S.
would stimulate many important advances in precision
symmetry tests. As in the case of neutrino physics, new
phenomena are very likely within the grasp of the next gen-

eration of neutron experiments.



Since its earliest days, nuclear science has been driven

by experiment. The availability of state-of-the-art acceler-
ator facilities, detector systems, and data acquisition and
processing tools has been critical to progress in the field.
Accordingly, nuclear physics has evolved dramatically over
the past decade, as two very large, complex, and powerful
facilities have been brought on-line. At the same time, the
range of phenomena addressed by the field has moved to
smaller distance scales and higher energies. Nuclear physics
is, however, not defined by a single frontier. Low-energy
facilities continue to be an important part of the enterprise.
In fact, construction of a large, new low-energy facility, the
Rare Isotope Accelerator (RIA), is the highest priority for
new construction in the present document (see pages 124-127).
RIA will explore the frontier at the limits of nuclear existence,
rather than at small distance scales or high energy densities.

A variety of accelerators with a range of characteristics is
needed to cover the range of beam species and energies
needed for nuclear physics. In a similar way, detector sys-
tems developed for nuclear physics have an enormous range
of capabilities and characteristics. While most of these
detectors are tailored to match the requirements and prop-
erties of accelerator facilities, not all of nuclear physics is
carried out at accelerators. Complex detectors, such as large
underground solar and supernova neutrino detectors, are

also designed and built for stand-alone experiments.

The design, development, and improvement of these
facilities —the technical underpinnings of our field— often
demand technological capabilities that push the state of the
art. This environment of innovation provides an excellent

training ground for students.

Tools of the Trade: Major Accelerator Facilities

High-energy nuclear physics facilities. Since the 1996
long-range plan was prepared, world-leading accelerator
facilities have been commissioned at Brookhaven and at
Jefferson Lab. These facilities have dramatically altered the
landscape of nuclear physics in the U.S. The original moti-
vations that led to the construction of CEBAF and RHIC
were very different; however, these new facilities have cat-
alyzed the emergence of a broad high-energy nuclear
physics community that is now largely unified in its focus
on the goal of understanding strong interactions at the par-
tonic level —a goal that ensures many scientific points of

contact between the two facilities.

The main accelerator at Brookhaven’s Relativistic Heavy
Ion Collider (RHIC) consists of two intertwined rings of
superconducting dipole and quadrupole magnets. The rings
are 3.8 km in circumference and have six intersection points,

four of which are instrumented for nuclear physics experi-



ments. RHIC is capable of producing heavy-ion collisions
at center-of-mass energies as high as 200 GeV per nucleon
pair for the heaviest nuclei, and proton-proton (pp) colli-
sions at center-of-mass energies up to 500 GeV. The antici-
pated luminosities are 2 x 1026 cm2 s~! for gold-gold
collisions and up to 2 x 103! cm=2 s~! for pp collisions.
During production running, the tandem/booster/AGS
complex is used to fill the rings about twice each day.
Protons can be polarized either longitudinally or trans-
versely. Both the heavy-ion and the polarized-proton capa-

bilities are unique worldwide.

The commissioning of the RHIC accelerators and detec-
tors started in the first quarter of 2000 and progressed with
great success throughout the year. The first collisions of
gold ions at 65 + 65 GeV per nucleon were achieved in June
2000, and about 1 ub-! integrated luminosity per experiment
was delivered during this commissioning run. The 2001
gold-gold run delivered more than 50 ub-! integrated lumi-
nosity per experiment. Near-term luminosity upgrades will
bring the integrated luminosity values to 2—4 nb-! for the
same period, with further planned upgrades adding another
factor of ten. The complex has now reached 100 GeV per
nucleon for gold ions in both rings, with collisions observed
in all four detectors and more than two dozen papers
accepted for publication. Commissioning associated with
the RHIC spin program has also been impressive, with colli-
sions achieved with polarized protons at 100 + 100 GeV for
all four experiments, and luminosities above 1030 cm2 s-1
reached after only two months of commissioning. Operation
of the Siberian Snake with high-energy beam to preserve and
control the proton spin direction during acceleration and
storage is now routine. The polarized-proton part of the
RHIC program will operate during about 10 weeks of the

planned 30 weeks of scheduled operation per year.

The Alternating Gradient Synchrotron (AGS) at
Brookhaven has become the injector for RHIC. However,
since the RHIC rings require only two or three fills each
day, the AGS remains available to provide a proton beam
during RHIC operation, up to 20 hours per day. The cost of
the fixed-target program is reduced to the costs associated
with the fixed-target beamlines, plus the incremental cost of
running the AGS during the periods it would otherwise be
kept in an idle state. This mode of running was initiated

during the 2001 running period.

The Continuouns Electron Beam Accelerator Facility
(CEBAF) at Jefferson Lab was commissioned just after the
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1996 long-range plan was developed. CEBAF has been a
resounding success, matching or exceeding all design spec-
ifications. CEBAF is a superconducting, continuous-wave
accelerator with a maximum energy of 5.7 GeV and a
100% duty factor. The racetrack-shaped accelerator con-
sists of two parallel superconducting linac sections, joined
at each end by nine isochronous magnetic arcs, which
allow the beam to be recirculated up to five times. A
radio-frequency separator allows extraction of beams with
different energies to three experimental areas. Three dis-
tinct beams with currents differing up to a millionfold and
a combined current of 200 {A can be injected simultane-
ously into the accelerator for delivery to the three experi-
mental halls. CEBAF’s capabilities are unique and likely
to remain so for some time. The combination of energies
from about 0.8 to 5.7 GeV, a beam emittance of less than 1
nm rad, an energy spread of about 104, and simultaneous
operation of three halls with currents from 100 pA to
greater than 100 A is unmatched anywhere. Equally
important is the availability of beams with polarization in
excess of 75% at currents exceeding 100 UA. These beams
have minimal helicity-correlated variations of beam
parameters, making them ideally suited for precision
experiments on parity violation. The polarized electron

beam is now used routinely for all experiments.

The Bates Linear Accelerator Center at MIT provides
high-quality electron beams at energies up to 1 GeV. The
pulsed linac and the isochronous recirculator provide cur-
rents in excess of 50 A at a duty factor of up to 1%. The
accelerator-recirculator system feeds the recently com-
pleted South Hall Ring (SHR). This 190-m-circumfer-
ence ring operates at peak circulating currents of up to 200
mA for internal target experiments and extracted currents
of up to 10 yA with duty factors of about 85%. The facil-
ity has two experimental halls, in addition to the internal
target area in the SHR. In the North Hall, the SAMPLE
experiment is investigating the electroweak structure of
the proton at low energies. The South Hall contains the
medium-resolution OHIPS magnetic spectrometer, as
well as a newly commissioned out-of-plane system of
magnetic spectrometers (OOPS). Construction of a
major new detector, the Bates Large Acceptance
Spectrometer Toroid (BLAST), has been completed, and
commissioning will begin in 2002. The initial BLAST
program is expected to run through 2005. In addition,
one experiment each year with the OHIPS/OOPS system
is planned after 2002.



Nuclear structure and nuclear astrophysics facilities.
Four low- and intermediate-energy heavy-ion accelerator
facilities currently operate as national user facilities. The
primary physics focus of these machines, as well as eight
smaller university-based facilities, is the study of nuclear

structure and nuclear astrophysics.

The National Superconducting Cyclotron Laboratory
(NSCL) at Michigan State University is the premier inter-
mediate-energy heavy-ion user facility in North America.
Citing the compelling scientific opportunities to be made
available with beams of rare isotopes, the 1996 long-range
plan included the immediate upgrade of NSCL among the
highest priorities for new construction. This upgrade of
NSCL is now complete, and the new coupled cyclotron
facility has begun operations. The coupled cyclotron facility
will be the leading facility for in-flight radioactive-beam
physics in North America until RIA is available. It will pro-
vide large gains in the intensity of intermediate-energy pri-
mary beams, compared with the stand-alone K1200
cyclotron. For very heavy ions (A > 150), it will also pro-
vide a significant increase in energy. This gain in primary
beam intensity, together with the increased acceptance of
the new A1900 fragment separator, will provide intensity
increases of 100- to 10,000-fold for most fast beams of rare

isotopes.

The upgraded NSCL will lay the groundwork for a sig-
nificant part of the RIA scientific program, and it will con-
tribute to the development of techniques and hardware for
RIA. For example, the large-area neutron and charged-par-
ticle detector arrays now being developed at NSCL will be
well suited for use at RIA. In addition, NSCL has, for many
years, played a major role in training nuclear and accelerator
scientists; this role is an essential element in the preparation

for RIA.

The Argonne Tandem-Linac Accelerator System
(ATLAS) consists of a superconducting linear accelerator
that is injected by either a 9-MV tandem Van de Graaff or a
superconducting positive-ion injector. The facility pro-
duces beams of nuclei from hydrogen through uranium
with maximum energies from 20 MeV per nucleon for light
nuclei to 10 MeV per nucleon for the heaviest, at currents
ranging from several particle-microamps for light projec-
tiles to hundreds of particle-nanoamps for heavier elements.
The accelerator has excellent energy and time resolution
(10-3 or better and as good as 100 ps, respectively). Over the

past five years, in response to the increased interest in
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physics at the limits of stability, the capability of producing
and accelerating exotic beams has been developed. Beams of
8B, 17,18F, 21Na, 25Al, 44T1, and 6Ni have been used for
research, with intensities on target of about 5 x 106 s-1. The
facility is equipped with state-of-the-art instrumentation
required for a broad-based research program in nuclear
structure, nuclear astrophysics, reaction dynamics, and fun-
damental interactions. Major equipment includes the
Fragment Mass Analyzer, two magnetic spectrographs, a
multidetector gamma-ray facility, and a precision Penning
trap. Transfer of fusion products into the trap is done with a
fast gas-catcher cell that has demonstrated high efficiency
and chemical independence. Such a cell is at the core of the
RIA concept. As a national user facility, ATLAS hosts large
instruments, such as Gammasphere or the Oak Ridge-Texas
A&M-Michigan State BaF, array, which exploit both the
unique characteristics of the machine and the capabilities
offered by coupling these devices to other instruments avail-
able at ATLAS. The recent, very successful campaign with
Gammasphere coupled to the Fragment Mass Analyzer is a

good example.

The 88-Inch Cyclotron at Berkeley Lab supports a wide
range of low-energy nuclear science for a large international
community of users. The central component is a sector-
focused, variable-energy cyclotron that can be fed by either
of two electron cyclotron resonance (ECR) ion sources.
This versatile combination produces heavy-ion beams of
elements throughout the periodic table. For helium to oxy-
gen, beam energies are as high as 32 MeV per nucleon; the
maximum energy decreases with increasing mass, reaching 5
MeV per nucleon at bismuth. Light ions are available at
intensities of 20 particle-microamps. The unique combina-
tion of high-intensity stable beams, such as 51V, 64Nji, and
86Kr, and the high-efficiency Berkeley Gas-filled Separator
(BGS) are essential for the production and detection of new
superheavy elements. Gammasphere, the world’s most
powerful instrument for detecting low-energy gamma rays,
is currently in full operation at the 88-Inch, serving a large,
active user community for a broad range of physics studies,
including nuclear structure studies and fundamental sym-
metry tests. Radioactive beams are also being developed,
including !'C beams with world-record intensities up to
about 108 s-! on target. Berkeley scientists have made cru-
cial contributions to the present generation of instrumenta-
tion, including advanced ECR ion sources, Gammasphere,
the BGS, and the Facility for Exotic Atom Trapping.

VENUS, a next-generation ECR ion source now under



construction at Berkeley Lab, will greatly extend the scien-
tific reach of the present 88-Inch research program by pro-
viding ion beams as heavy as uranium at energies at or
above 5 MeV per nucleon. VENUS will also serve as the
prototype ion source for RIA’s high-intensity heavy-ion

driver linac.

The Holifield Radioactive Ion Beam Facility (HRIBF) is
a first-generation radioactive-ion-beam facility developed
to make use of existing accelerators at Oak Ridge. Radio-
active species are produced by intense light-ion beams from
the Oak Ridge Isochronous Cyclotron and postaccelerated
by the 25-MV tandem electrostatic accelerator. The radioac-
tive-ion-beam injector system, consisting of a high-voltage
platform on which the production target and beam prepara-
tion and purification hardware reside, links production and
postacceleration. The suite of radioactive beams available
for research is expanding rapidly. Experiments have included
high-profile nuclear astrophysics and reaction physics
experiments using 17-18F beams and a successful campaign of
nuclear structure studies using a variety of neutron-rich
beams. HRIBF is currently the only facility in the world
capable of providing reaccelerated beams of medium-mass
neutron-rich radioactive ion beams. This capability will
remain unique for several years. HRIBF has made signifi-
cant contributions to the technology of producing radioac-
tive ion beams, including innovative ion sources and highly
effective production targets. A great strength of the facility
is the suite of state-of-the-art experimental equipment opti-
mized for radioactive-ion-beam experiments, including two
recoil separators, a gas-filled spectrograph, the CLARION
gamma-ray array, the HYBALL charged-particle detector
array, silicon-strip arrays, specialized detectors and elec-
tronics for decay studies, and detectors to monitor and help
tune low-intensity radioactive ion beams. Many existing
and planned experimental tools have direct application for
future research at RIA. Similarly, HRIBF will play a key
role in manpower development and training for radioac-
tive-beam research based on ISOL (isotope separation
on-line) technologies, while RIA is being developed and

brought on-line.

The federally supported university accelerator facilities
at Florida State, Notre Dame, SUNY Stony Brook, Texas
A&M, TUNL (Duke), Yale, and the University of
Washington constitute a very productive component of the
national program. These facilities are primary locations for

attracting and educating the undergraduate, graduate, and
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postgraduate students who will form the next generation of
nuclear scientists. These facilities are extremely cost-effec-
tive. Operating funds are relatively modest, and federal
investments are matched by very significant investments by

the universities.

The accelerators at these university-based facilities deliver
awide variety of light- to heavy-ion beams, ranging in energy
from a few MeV per nucleon to 80 MeV per nucleon. A
diverse array of detectors, high-performance spectrometers,
and special-purpose beamlines, specifically designed to
match accelerator capabilities, is also in place. Essential,
innovative, high-risk research on nuclear structure, nuclear
astrophysics, nuclear dynamics, fundamental interactions,
and applications of nuclear techniques is carried out at the
university facilities. Significant radioactive-beam capabili-
ties have been developed at Notre Dame and Texas A&M.
New efforts for pursuing low-energy studies of astrophysi-
cal interest have been initiated at Notre Dame and TUNL.
The use of polarized beams for experiments in nuclear
astrophysics represents a fascinating new development.
Complementary techniques and ideas for nuclear astro-
physics experiments have been developed and are being pur-
sued at Texas A&M, TUNL, Yale, and the University of
Washington. Strong programs in nuclear structure are pur-
sued at Florida State, Notre Dame, Texas A&M, TUNL,
and Yale, using a broad and complementary variety of

instrumentation.

Two neutron-beam facilities in the U.S. also have ongo-
ing nuclear science programs. They are the Oak Ridge
Electron Linear Accelerator (ORELA) and the Los Alamos
Neutron Science Center (LANSCE), now operated by the
DOE Office of Defense Programs. These facilities employ
high-intensity pulsed neutron beams with time-of-flight
analysis. The neutron flux at ORELA, created through (y;n)
reactions by an electron beam of about 150 MeV on heavy
target material, is used for nuclear astrophysics measure-
ments. Neutrons at LANSCE are generated by proton-
induced spallation and provide high-intensity fluxes of
pulsed neutrons from 10-8 ¢V to 800 MeV. These neutron
beams are used to carry out tests of fundamental symmetries
and to pursue research on nuclear structure and reactions, in
addition to roles in other fields, including materials science
and stockpile stewardship.

Other facilities. The Indiana University Cyclotron
Facility (IUCF) is a medium-energy nuclear physics user

facility based on an electron-cooled storage ring (the



Cooler) that receives beam from a new synchrotron injector
system. Itis now the only facility in the U.S. that can pro-
vide users with proton and deuteron beams in the energy
range from 100 to 500 MeV. TUCF has produced a number
of technical achievements in the past five years. The Cooler
Injector Synchrotron and the Polarized Ion Source were
completed and commissioned, yielding about a hundredfold
increase in the stored beam intensity in the Cooler ring and
resulting in much more reliable operation. Currents of up
to 10 mA of unpolarized proton beam and up to 2.5 mA of
70% polarized beam are now available. A laser-driven
polarized gaseous target was developed and installed in the
Cooler ring. First data have also been taken with the newly

commissioned Polarized Internal Target Experiments.

Nouclear physics research programs with significant U.S.
support are also carried out at several facilities operated pri-
marily to pursue studies in other fields of physics. One such
facility is the High Intensity y-Ray Source (HIYS) at the
Duke University Free Electron Laser Laboratory. The stor-
age-ring free electron laser (FEL) is used to produce a high-
intensity (in excess of 107 photons s~! MeV-1) gamma-ray
beam in the energy range from 2 to 225 MeV by intracavity
Compton backscattering. The energy resolution and inten-
sity of the gamma-ray beam is determined by collimation.

The gamma rays are nearly 100% linearly polarized.

The End Station A Facility (ESA) at SLAC has carried
out fixed-target electron-scattering experiments for more
than 30 years. ESA operates with electron energies in the
range 15-48 GeV, with between 1 x 109 and 5 x 101 elec-
trons per pulse and 120 pulses per second. It remains a
unique facility for probing QCD in the nucleon, especially
when high beam polarization, coupled with a beam energy
greater than 15 GeV, is needed. Experiments at ESA have
produced some of the world’s most precise data on the
structure of the nucleon. The E158 experiment, which is
now under way, will make the world’s most precise meas-
urement of the electroweak mixing angle at low Q2 (see
pages 74—75) via parity-violating Meller scattering. Upon
completion of E158, a new program of polarized-photon
experiments will be commissioned that will study novel
aspects of nuclei and nucleons that can only be probed with

high-energy polarized photon beams.

The Laser Electron Gamma Source (LEGS) is a facility at
the National Synchrotron Light Source at Brookhaven.
Gamma-ray beams are produced by Compton backscatter-

ing of laser light from electrons circulating in the 2.5- to 2.8-
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GeV X-Ray Ring. Fluxes of up to 107 photons s~! are
obtained. Photons are tagged (with 100% efficiency) by
detecting the scattered electrons in a spectrometer incorpo-
rated into the storage ring. The maximum gamma-ray energy
available at the facility is 470 MeV, with linear and circular
polarization of >75% available. The facility has an assort-
ment of detector systems, including a medium-energy
gamma spectrometer and a 1.5-m? 24-element phoswich

scintillator array for time-of-flight measurements.

Collecting the Evidence: Major Detectors for
Nuclear Physics

The development of powerful instrumentation to address
the questions that drive the field is an integral part of the
enterprise of nuclear science. In addition to the major
detector systems discussed here, there have been substantial
developments in smaller-scale instrumentation since the
1996 long-range plan, many of which are mentioned briefly

in the facility descriptions in the previous section.

Neutrino detectors. It is difficult to exaggerate the impact
on nuclear physics of recent results obtained from large
underground detectors designed to study neutrino astro-
physics. The glimpse that has already been provided of
physics beyond the Standard Model may be the beginning
of a major intellectual revolution in physics. The most com-
pelling recent results come from two experiments based on
large water-Cerenkov detectors, both outside the U.S. but
with significant U.S. participation. All such detectors must
be large, because the probability of a neutrino interacting
with matter is exceedingly small. For the same reason, such
detectors must be carefully constructed to reduce back-

ground from radioactivity and cosmic rays.

SuperKamiokande, a Japan-U.S. collaboration located
1000 m underground in the Kamioka mine in Japan, is a
water-Cerenkov detector consisting of 50,000 tons of water
enclosed in a tank 40 m in diameter and 40 m high, viewed
by 13,000 phototubes. The Sudbury Neutrino Observatory
(SNO), a Canada-U.K.-U.S. collaboration, is also a water-
Cerenkov detector (shown on page 78), located 2000 m
underground in the Creighton mine in Canada. Unlike
SuperKamiokande, SNO also contains about 1000 tons of
heavy water, allowing it to distinguish electron neutrinos

from other neutrino flavors by taking advantage of neutrino



interactions with deuterium nuclei. A new solar neutrino
detector, Borexino, which will be sensitive to low-energy
(<1 MeV) neutrinos, is now being brought on-line by an
Italian, German, Russian, and U.S. collaboration in the
Gran Sasso underground laboratory in Italy. Itis worth
pointing out that no deep underground experiment is cur-
rently operating in the U.S., although deep underground
neutrino observatories originated with the pioneering Ar-Cl

experiments in the Homestake mine in South Dakota.

Even though neutrino oscillations have now been
demonstrated, much work remains to be done to sort out
possible neutrino-mass scenarios and to establish absolute
masses. Oscillation experiments on neutrinos of terrestrial
origin, such as the MiniBooNE experiment at Fermilab,
shown in Figure 3.1, and the KamLAND experiment in
Japan, may help with the former problem and may address
the question of whether sterile neutrinos exist, as suggested
by the results of the LSND experiment at Los Alamos.
However, high-precision beta-endpoint measurements or a
new generation of double-beta-decay experiments will be

required to directly determine the masses.

Detectors for nuclear structure and nuclear astrophysics.
The Gammasphere photon detector, shown in Figure 3.2,
consists of an array of 110 large Compton-suppressed ger-
manium crystals. It has a very high efficiency and high
energy resolution for gamma rays in the energy range from
50 keV to about 5 MeV. Since its dedication in December
1995, it has been operated as a National Gamma-Ray
Facility at Berkeley Lab’s 88-Inch Cyclotron and at
Argonne’s ATLAS facility. In conjunction with auxiliary x-

Figure 3.2. Half a Gammasphere. In normal use, two hemi-
spheres of germanium crystals, surrounded by bismuth germinate
scintillator shields, are joined to form a complete sphere around
the target chamber (shown in the foreground). Gammasphere was
built by a collaboration of national laboratories and universities
and has been in use in its fully implemented form since July 1996.
Gammasphere, now at Berkeley Lab’s 88-Inch Cyclotron, is cur-
rently the world’s premier low-energy (0.05 to 5 MeV) gamma-ray
detector facility.

ray, charged-particle, and neutron detectors, this premier
instrument has been used to explore many novel phenomena

at high spins and in nuclei far from stability.

Studies of nuclei far from stability require powerful
recoil separators that are capable of tagging reaction prod-
ucts produced with microbarn to picobarn cross sections.
Three such separators are currently operational at Argonne
(Fragment Mass Analyzer), Berkeley Lab (Berkeley Gas-

Figure 3.1. Tapping Fermilab’s neutrinos.
The MiniBooNE experiment at Fermilab
takes advantage of an intense heam of muon
antineutrinos produced by the 8-GeV proton
beam available there, in an attempt to con-
firm or refute an observation of neutrino
transformations reported by the LSND
experiment at Los Alamos. The neutrino
detector for the MiniBooNE experiment con-
sists of a 12-m-diameter steel sphere con-
taining 800 tons of pure mineral oil, viewed
by 1500 photomultipliers, some of which can
be seen here.



filled Separator), and Oak Ridge (Recoil Mass Spectrometer,

RMS). The RMS is equipped with many specialized auxil-
tary detectors that make it ideally suited for nuclear struc-

ture studies with radioactive ion beams.

An aggressive program of instrumentation development
is under way for the new coupled cyclotron facility at
NSCL. Major equipment under development includes a
segmented germanium array, a high-granularity silicon-
strip-CsI array (shown in Figure 3.3), a sweeper magnet, a
Penning trap, and a high-energy neutron wall. A supercon-
ducting magnetic spectrometer (S800) that will take advan-
tage of the capabilities of the new facility has already been
commissioned. The S800 is a large-solid-angle (10-20 msr),
large-momentum-acceptance, high-resolution (0E/E 010-4)
spectrograph.

Detectors for exploring the quark structure of matter. At
CEBATF three experimental areas, Halls A, B, and C, con-
tain complementary equipment capable of supporting

experiments that probe a wide range of physics.

Hall A is the largest of the three CEBAF experimental
areas. The primary base equipment comprises two 4-GeV/c
high-resolution superconducting magnetic spectrometers
(HRSs), capable of a momentum resolution of 10-*in a solid
angle of 8 msrand a 10% momentum range. The detector
packages have been optimized differently: one for detecting
electrons and another for detecting hadrons. The hadron

spectrometer is equipped with a focal-plane polarimeter.

Hall B is equipped with the CEBAF Large Acceptance
Spectrometer (CLAS) and a bremsstrahlung tagging system.
CLAS is based on a toroidal magnetic field produced by six

1

Figure 3.3. Reflections of the next generation. The Large Area
Silicon Strip Array (LASSA) at NSCL reflects the images of several
graduate and undergraduate students who were involved in its
design and construction. The detector array comprises nine tele-
scopes, each of which consists of a thin, 65-um silicon-strip
detector, followed by a thick, 1.5-mm silicon-strip detector, backed
by four 6-cm-long Csl detectors. This detector is a working proto-
type for the next generation of experimental devices for use with
rare isotope beams.

superconducting coils. The six sectors between the coils are
instrumented with drift chambers, Cerenkov counters, scin-
tillation hodoscopes, and electromagnetic calorimeters,
which identify and determine the momentum of several
simultaneously emitted charged particles. CLAS combines
large-solid-angle acceptance with excellent particle tracking,
identification, and momentum resolution. Together with
the bremsstrahlung tagging system, the CLAS facility pro-
vides special capabilities for studying the structure of nucle-

ons by electro- and photoexcitation.

Hall C, illustrated in Figure 3.4, supports a broad
research program, including the study of strange matter,
parity-violation measurements, and high-Q?2 form-factor
measurements. This varied program requires a flexible set
of instrumentation. The primary base equipment in the hall
consists of a superconducting medium-resolution (10-3),
high-momentum (up to 7 GeV/c) magnetic spectrometer
(HMS) and a short-orbit magnetic spectrometer (SOS). The
HMS serves as a hadron spectrometer for high-Q?2 measure-
ments and as an electron spectrometer both for inclusive
scattering experiments and for coincidence experiments in
combination with the SOS. The SOS is a normal-conducting
quadrupole-dipole-dipole spectrometer with a maximum
central momentum of 1.5 GeV/cand a short path length,

permitting efficient detection of short-lived particles.

Detectors at RHIC: Probing hot, dense matter. The
attempt to observe phase transitions in bulk nuclear matter
by colliding two heavy nuclei at RHIC requires detectors
covering the full solid angle, having large dynamic ranges,
and, at the highest energies, able to handle the highest parti-
cle densities emerging from any reaction studied in the labo-



Figure 3.4. Hall C at CEBAF. The photograph was taken along the beam delivery direction and shows the short-orbit
spectrometer (SOS) on the left and the high-momentum spectrometer (HMS) on the right. The HMS can serve as a
hadron spectrometer for high-momentum-transfer form-factor measurements and as an electron spectrometer for
inclusive scattering experiments. It can also be used together with the SOS for coincidence experiments. The SOS
is optimized to detect short-lived particles before they decay.

ratory. The RHIC detectors, two of which are shown in
Figure 3.5, collectively cover all of the predicted signa-
tures for the quark-gluon plasma. Two complementary
major detector systems, PHENIX and STAR, and two
smaller-scale detector systems, PHOBOS and BRAHMS,
were operating during the first run of RHIC in summer
2000, when 197 Au beams were collided at 65 + 65 GeV per
nucleon. Several hundred thousand instrumented detec-
tor channels are not uncommon in these detectors. All
four detector collaborations have published initial physics
results from their first data, and all four have completed a
first data run with gold-gold collisions at 100 + 100 GeV
per nucleon, as well as a run with polarized protons at
100 + 100 GeV.

The PHENIX detector focuses on the detection of lep-
tons, photons, and hadrons in selected solid angles, with a
high event-rate capability and operation of several simulta-
neous rare-event triggers, to emphasize the electromagnetic
signatures of quark-gluon plasma formation. The central
part of PHENIX consists of an axial-field magnet and two
detector arms, each covering one-fourth of the full azimuth.
Each arm is equipped with a multisampling drift chamber,
pad chambers giving 3-D space points, a gas-filled ring-
imaging Cerenkov (RICH) counter tuned for electron iden-
tification, time-of-flight arrays, and finely segmented

electromagnetic calorimeters. Silicon detectors close to the
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beam pipe provide nearly full-solid-angle coverage for particle
detection. Two muon arms, which include a lampshade
magnet, cathode-strip tracking chambers, and a muon iden-
tifier with about 1000 tons of steel, have been added for use
in the heavy-ion and spin programs. Upgrade items proposed
for PHENIX include a hadron-blind inner electron detec-
tor for low-mass pairs and Cerenkov counters for high-

momentum hadron identification.

The STAR detector uses the large-solid-angle tracking
and particle identification capabilities of a cylindrical time-
projection chamber, placed in a large solenoidal magnet.
The design emphasizes detection of the global features of
the hadrons and jets as the signatures for quark-gluon plas-
ma formation. Charged hadrons may be identified over the
full azimuth and two units of pseudo-rapidity. Recent addi-
tions to this detector include a silicon vertex tracker, a time-
of-flight array, a RICH tuned for high-momentum hadron
identification, and a pair of forward time-projection cham-
bers. An electromagnetic calorimeter with both a central
barrel and one endcap is being added for use in the heavy-

ion and polarized-proton programs.

PHOBOS is a small detector, which focuses on hadronic
signatures for the quark-gluon plasma at low transverse
momentum. Its double-arm spectrometers use compact

magnets with strong magnetic fields and high-spatial-reso-



Figure 3.5. Detectors at RHIC. RHIC is currently instrumented with four detectors, two major ones (STAR and
PHENIX) and two smaller ones (BRAHMS and PHOBQS). STAR, on the left, is a large-acceptance detector built
around a central time-projection chamber (TPC) in a solenoidal magnetic field. Inside the TPC is a silicon vertex
tracker for detecting secondary vertices. One of the smaller detectors, BRAHMS, is shown on the right; it specializes
in measuring the fragmentation region of the collisions. Not shown are the PHENIX detector, which is composed of
four spectrometers optimized for detecting and identifying electrons, muons, photons, and hadrons, and PHOBOS, the
second of the smaller detectors, which is optimized for large event rates.

lution silicon detector planes, including some 80,000 chan-
nels of silicon strips. Time-of-flight arrays have been added
for particle identification. BRAHMS uses two independent
magnetic spectrometer arms for inclusive measurements,
with particle identification and the ability to reach from 90
degrees to very forward angles. Particles are identified
using time-of-flight, RICH, and time-projection chamber
detector packages, together with drift-chamber arrays for

precise tracking.

Accelerator Technology

lon sources. Electron cyclotron resonance (ECR) ion
source development continues to play a vital role in improv-
ing the performance of existing heavy-ion accelerators and
will be crucial for future radioactive-beam accelerators such
as RIA. New high-performance ECR ion sources based on
the 14-GHz AECR-U developed at Berkeley Lab are now
in operation on the ATLAS linac at Argonne and the cou-
pled cyclotrons at NSCL. Recent experiments at the
Laboratory for Nuclear Science in Italy have demonstrated
that increasing the RF frequency to 28 GHz quadruples the
intensities of high-charge-state ions. VENUS, an ultrahigh-
field superconducting ECR ion source specifically designed
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to operate at 28 GHz, will begin test operation at Berkeley
Lab in early 2002.

Since the 1996 long-range plan, dramatic progress has
been made in the development of sources for radioactive
ions. For example, development of robust, efficient ion
sources and targets has advanced the production of radioac-
tive ion beams at HRIBE. Target systems are designed to
have high porosity and to minimize diffusion times, taking
advantage of new materials, such as a matrix of refractory
hafnium oxide fibers for production of radioactive fluorine
isotopes, and thin layers of uranium carbide deposited onto
arigid, glassy carbon matrix for production of neutron-rich
radioactive beams. These developments are enhanced by
ion source developments such as the novel Kinetic Ejection
Negative Ion Source, characterized by low emittance, low
susceptibility to radiation damage, and high efficiency for
producing negative halide ions.

Progress on ISOL-type targets capable of handling the
large beam current that will be available at RTA has been
equally impressive, with the demonstration of refractory
metal targets capable of handling more than 40 pA of high-
energy protons at the Isotope Separator and Accelerator
facility at TRIUMF and two-step neutron generator targets
for fission products at Argonne. A new paradigm has

emerged for the production of low-energy radioactive



beams, with the use of in-flight separation of nuclides,
together with a gas-catcher system to capture singly charged
ions of reaction products and to deliver them as a low-energy
ion beam available for postacceleration. This fast and highly
efficient technique is not hampered by the chemical limita-
tions of standard ISOL techniques and has been proposed as
the principal technology for the RIA facility.

The direct-current photocathode source of polarized
electrons at Jefferson Lab has provided an unprecedented
capability for helicity-correlated nuclear physics experi-
ments. An upgraded design promises average currents of 10
mA and higher and will be directly relevant to future energy-
recovery linacs as the sources of choice for either electron-
ion colliders or next-generation synchrotron radiation x-ray

sources of the highest feasible brightness.

Neutron sources have also made significant progress with
the development at Los Alamos of an ultracold neutron
source obtained from the down-scattering of cold neutrons in
solid deuterium at liquid helium temperature. Ultracold neu-
tron densities of the order of 100 cm=3 have been obtained.
Because such neutrons can be easily contained and polarized,

this capability opens interesting new avenues of research.

Acceleration structures and accelerator designs. The
intense accelerator-related activities that have been pursued
since the 1996 long-range plan, including the commission-
ing of RHIC, the preparation for RIA and the CEBAF
upgrade, and the construction of the Spallation Neutron
Source (SNS) accelerator, have led to significant advances in
accelerator technology. The following paragraphs summa-

rize developments in five significant areas:
o Superconducting cavity development
¢ Multiple-charge-state acceleration
* RFQ development
¢ Energy-recovery linacs
e Superconducting magnet development

For electrons at velocities close to the speed of light, the
electropolished cavities tested at Jefferson Lab have
achieved gradients up to 19 MV/m at a quality factor of
1010, This advanced technology will be the basis of both the
CEBAF upgrade and the driver linac for RIA. The driver
accelerator for RIA will require the development of super-

conducting cavities for velocities between =0.02 and 8=
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0.7. Low-velocity (8< 0.2) and high-velocity (8= 1) cavities
have been developed previously. In this regard, the partici-
pation of Jefferson Lab in building the 1-GeV supercon-
ducting RF linac for the SNS has been beneficial to both the
nuclear science and materials science communities. The
SNS is pioneering the kind of large-scale integration of
superconducting RF systems that will be needed for future
nuclear physics facilities such as RIA. The Jefferson Lab
efforts there will provide superconducting elliptical cavities,
with B=0.61 and B=0.81, appropriate for RIA. To meet
the remaining needs, a collaboration between NSCL and
Jefferson Lab is developing an elliptical superconducting
cavity with f=0.47, and Argonne is developing a spoke-
type cavity with 8= 0.39.

An important breakthrough in the acceleration of high-
intensity heavy-ion beams has been achieved with the
design of the RIA driver linac, which will use the large
acceptance of superconducting cavities to accelerate multi-
ple charge states of these heavy ions simultaneously, elimi-
nating the losses due to charge fractionation associated with
stripping stages. This approach, which increases the avail-
able current for the heaviest ions by a factor of about 16, has
been successfully demonstrated at the ATLAS supercon-
ducting linac at Argonne.

Another important component of the RIA facility will be
the postaccelerator, which will accelerate the slow radioactive
ions from ion source energy to the 0.5- to 10-MeV-per-nucleon
energy required for astrophysics and nuclear physics studies.
A new low-frequency RFQ structure, based on a split-coaxial
design, has been developed to allow the acceleration of singly
charged radioactive ions to energies that allow them to be
injected into very low-fcavities of the type developed for the
positive-ion injector of the ATLAS linac. The split-coaxial
RFQ was tested at the Dynamitron facility at Argonne, where
it accelerated singly charged xenon ions in CW operation, a
feat that increased by almost tenfold the mass-to-charge ratio

for ions accelerated in an RFQ in CW operation.

An important new development has emerged for applica-
tions requiring high-power electron accelerators such as a
free electron laser (FEL), or electron-cooling systems for
electron-ion colliders. The ability to recover the unused
energy of a high-power electron beam in superconducting
cavities has been demonstrated at the Jefferson Lab infrared
FEL. This development will result in significant power sav-

ings for such facilities.



The superconducting magnet technology for large bend-
ing magnets has also advanced significantly, with 14 T now

having been achieved in a laboratory setting at Berkeley Lab.

Advanced Computing in Nuclear Physics

Advanced computing has become an essential capability
in nuclear physics research, and it will continue to be so for
the foreseeable future. The needs for advanced computing
technology, techniques, and resources encompass data
acquisition and high-level triggers of large detectors, data
handling and archiving, off-line processing of experimental
data, analysis of massive datasets by hundreds of physicists
around the globe, modeling of complex detector systems,
and theoretical modeling of complex nuclear systems.
These capabilities are provided by major computing facili-
ties that offer the assemblage of hardware and support serv-

ices that are essential to advancing nuclear science.

Owing to the demand for low latency and high band-
widths, today’s large detector data-acquisition systems
often exploit advanced computing technology. Examples
include the use of interconnects, such as fiber channels
(commercially used in large disk arrays), SCI (used in the
Cray T3E supercomputer), and myrinet (used in many
Beowulf-style parallel computing clusters). Likewise, the
storage and data-archiving systems at the large nuclear
physics accelerators use the same components as the most
advanced supercomputer centers: tape silos from
StorageTek and hierarchical storage management software

to allow on-demand access to a petabyte of data.

The off-line processing facilities for reduction of the
detector data, each consisting of hundreds or thousands of
rack-mounted CPUs connected to storage systems with 100
MB s~! networks, operate 24 hours a day to keep up with
demand. And yet, as challenging as the various aspects of
data handling and data analysis are, the most demanding
computational problems occur in numerical modeling.
Modeling the response of a real detector to a high-energy
heavy-ion collision can take hours of CPU time for a single
event, and modeling a single “simple” nuclear system might
take 100 years of CPU time.

The computational tools and infrastructure needed by
nuclear physicists around the world are similar to those

required in other computationally intensive disciplines.
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This has inspired some researchers in the field to form col-
laborations with scientists from high-energy physics, earth
sciences, combustion research, and biology to address their
needs in the context of a data-intensive computational grid,
or datagrid. The goal of the datagrid is the robust, reliable,
and efficient use of resources, computational and human,
across the range of institutions where the scientists work.
Although this effort is in its infancy, key partnerships
between physical and computational scientists have already
formed. We recognize this 